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The safety of the global environment and the setting up of a sustainable source of clean 
water is a necessity for human survival. However, due to man’s anthropogenic 
activities, large quantities of sulphate ions are discharged daily into the environment 
and municipal wastewater networks which poses threat to the municipal infrastructure 
and human lives. This work was carried out to determine the feasibility of sulphate ion 
removal by electrocoagulation using recycled corrugated iron sheets as sacrificial 
electrodes. The metal hydroxides that that were produced during the electrocoagulation 
process were also applied as adsorbents for sulphates. The parameters such as the 
pH, contact time, applied voltage and initial concentration of sulphate were optimised to 
find the best efficient working condition for the removal of sulphate in both synthetic 
water and real wastewater. Under optimal conditions, when the recycled corrugated iron 
was applied, the energy consumption was found to be within the range of 0.02588 to 
0.1725 kWh/m3 at 15 V, which is within the acceptable electrocoagulation range (0.002 
to 58 kWh/m3). Less energy consumption confirmed that the electrocoagulation process 
is best fit for municipal wastewater treatment. The percentage removal of sulphate was 
above 90% when the sacrificial electrode (corrugated iron) and the adsorbent were 
applied in both synthetic and real wastewaters. The results of this study revealed 
potency of the removal mechanisms of sulphate is greatly dependent on pH and 
electrode materials. 
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1.1 BACKGROUND AND PROBLEM STATEMENT 
 
The worldwide rise in industrialization indicates that more wastewater will be produced 
and discharged into the municipalities treatment plants. The wastewater emanating 
from industries such as pharmaceutical, textile, battery manufacturers, pulp and paper, 
food, iron and steel, mines and quarries, and organic chemicals manufacturing contains 
high concentrations of sulphates that destroys the infrastructure (sewer lines) of the 
municipality. Wastewater pollutants (SO42-, PO42-, F-) form acids that react with the 
water treatment pipelines. During these reactions, toxic ions, gas (H2S) produced 
corrode the pipelines and the storage tanks used for reticulation and treatment 
processes, which possibly may result to secondary contamination and deterioration of 
the infrastructure, reduction of the life span of wastewater treatment plant, thus causing 
cement wall to crack as a result of the production of large amount of sulphate ion. 
These create an increased financial burden (strain) on municipality to maintain the 
wastewater treatment plants. In Buffalo City Metro Municipality (South Africa), industrial 
effluent with high level of sulphates (SO42-) are discharged daily into municipality sewer 
line. This effluent exceeds the sulphate permissible limits (300-600 mg.L-1) as 
prescribed by the municipal by-laws [1]. By the year 2030, it is predicted that 100 million 
of industrial effluent volume(megalitres) will be generated annually from current 20 
million volumes [2].  
Discharge of the untreated industrial effluents causes numerous environmental and 
health risk related issues. Hence, established restrictions for the discharge of harmful 
contaminants (SO42-, PO42-, F-), limitations in fresh water intake and by-product 
generation force the battery, textile, pharmaceutical, and mining industries to focus on 
water treatment technologies that produce the desired water quality for discharge, reuse 
and recycling, as well as minimizing the environmental footprint of the treatment 
activities [3]. Therefore, to protect the environment and the wastewater treatment plant, 
it is important to develop the best method to mitigate these problems.  
Technologies that have been developed to mitigate SO42- ions in wastewater are very 
expensive to use and difficult to adopt, for example, ion exchange resins [2], membrane 
processes [4], and chemical precipitation [5]. Membrane processes are reported to be 
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energy intensive, high maintenance in terms of cost and are prone to fouling [6] while 
chemical precipitation methods result in secondary pollution due to toxic sludge 
formation which are non- environmental friendly and expensive to clean up [7]. Because 
of the cost effect and difficulties in the adoption of these methods, electrocoagulation 
has been chosen as one of the potential wastewater treatment alternatives. Its usage 
can assist industries to comply with tightening limitations and requirements since it has 
been projected to be a good technique to treat varied wastewater such as landfill 
leachate, restaurant wastewater, saline wastewater, wastewater, urban wastewater, 
laundry wastewater, tar sand and shale, nitrate and arsenic bearing wastewater and 
chemical-mechanical polishing wastewater [8, 9,10]. Therefore, in this study, 
electrocoagulation method is explored for the removal of sulphate ions from industrial 
wastewater using a recycled corrugated iron sheet.    
 
1.2. Research motivation 
 
The South African municipal waste water treatment plants and in particular Buffalo city 
municipal waste water networks are facing challenges of receiving untreated industrial 
effluent from textile, battery, pulp and paper, acid mine water as well as the food 
manufacturing industries that contain high sulphate concentration, thereby contravening 
the municipal by-laws which stipulate that the permissible level range should be around 
200-400ppm of sulphate. This high sulphate content is critical in infrastructure as it 
hinders service delivery, because it causes the cement wall to crack, pipes to corrode 
very easily and decreases soil fertility. This have a negative impact in the economy as 
millions of rands are spent annually in fixing some of this problems caused by the 
excess of sulphate in wastewater. Since the municipalities are experiencing high 
concentrations of sulphates in wastewater, electrocoagulation is applicable due to its 
robustness, easy automation and low energy requirements that allow the processes to 
be powered by green energy sources such like solar panels, wind mills or fuel cells. The 
electrocoagulation process facilitates the reduction of multiple toxic gases that cause 
cracking of cement walls, removal of sulphate ions and other pollutants in the 
wastewater, requires no chemical usage, and reduces financial strain on the 
municipality. Therefore, this work seeks to apply a recycled corrugated iron as a 
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1.3 Rationale behind the choice of sacrificial anodes 
 
There are three fundamental metals applied as sacrificial anodes during 
electrocoagulation such as aluminium, iron and zinc [11]. They are all available as 
blocks, rods, plates or press ribbon. Each material has advantages and disadvantages 
since the operation of a sacrificial anode relies on the difference in electro potential 
between the anode and the cathode, practically any metal can be used to protect some 
other, provided there is a sufficient difference in potential. Aluminum anodes have 
several advantages, such as a lighter weight, and much higher capacity than zinc [3]. 
However, their electrochemical behaviour is not considered as reliable as zinc, and 
greater care must be taken in how they are used. Aluminum anodes will passivity where 
chloride concentration is below 1,446 parts per million (ppm). One disadvantage of 
Aluminum is that if it strikes a rusty surface, a large thermite spark may be generated; 
therefore, its use is restricted in tanks where there may be explosive atmospheres and 
there is a risk of the anode fall [11]. Zinc is considered a reliable material, but is not 
suitable for use at higher temperatures as an impermeable oxide film may be formed on 
the cathode during the electrolysis, causing passivation (becomes less negative); if this 
happens, current may cease to flow, and the anode stops working [12]. Zinc has a 
relatively low driving voltage, which means in higher-resistivity soils or water it may not 
be able to provide enough current. However, in some circumstances, where there is a 
risk of hydrogen embrittlement, for example this lower voltage is advantageous, as over 
protection is avoided. Iron has many advantages like long durability and low cost. The 
sacrificial Fe anode is oxidized, generating corresponding   metal ions, which 
immediately hydrolyse to polymeric iron hydroxide and these polymeric hydroxides act 
as excellent coagulating agent in removing pollutants in comparison with aluminium and 
zinc [12]. 
In this study, recycled corrugated iron is going to be applied because it possesses 
multiple monomeric species of metal ions than other electrodes (Al and Zn). In addition, 
corrugated iron is readily available, non-expensive, requires low energy use, and eco-
friendly. In South Africa, recycling is key because it helps in conserving raw materials, 
reducing littering, reducing pollution, saving on the need for scarce landfill space, 
creating jobs, alleviating poverty, encouraging community participation, and boosting 
entrepreneurship. Application of corrugated iron in the removal of sulphate from 
wastewater will be explored to articulate its percentage removal efficiency over other 
known electrodes. Based on the previously mentioned, the use of electrocoagulation for 
wastewater treatment has drawn attention in the last few years due to several 
advantages it holds over traditional coagulation. In support of this, Nariyan et al. 
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recently studied the removal of sulphate from mining waters by batch 
electrocoagulation, using bipolar and monopolar connections, a technology that 
combined calcium oxide precipitation with electrocoagulation, resulted in a reduction of 
sulphate from 13,000 mg.L-1 to 250 mg.L-1 [13]. Electrocoagulation was applied as a 
post-treatment, with the aim of decreasing the residual concentration of sulphate from 1 
500 mg. L-1 to 250 mg. L-1 in which the highest sulphate removal by electrocoagulation 
was achieved using aluminum anodes in bipolar connection at 25 mA.cm-2. Similarly, 
Moussavi et al. reported 98% of cyanide removal by electrocoagulation operated in both 
continuous and batch modes using bipolar and monopolar arrangements of electrodes 
by using Fe as an anode and Al as a cathode resulted in the most efficient cyanide 
removal under condition of continuous operation, with a hydraulic retention time of 140 
min [11]. Likewise, Hassani et al. also studied cyanide elimination by 
electrocoagulation, using iron electrodes connected in a bipolar arrangement, and 
reported that over 90% removal of cyanide was achieved for an initial cyanide 
concentration of 50 mg. L-1 at 40 V and treatment time of 90 min [14]. 
 
Furthermore, combined CaO/electrocoagulation treatment applied by Radić et al., 
resulted in over 86% removal efficiency of sulphate from acid mine drainage when 
treated wastewater was passed through a set of iron electrode plates followed by 
aluminum plates at 2.7 mA.cm-2 [12].  A moderate removal of sulphate (53%) from the 
drainage of an abandoned mine in Guanajuato, Mexico, by continuous 
electrocoagulation with aluminum electrodes at 4 mA.cm-2 was reported by Del Ángel et 
al. [3]. Furthermore, during electrocoagulation, most of the materials used are very 
expensive and energy intensive [3]. 
Thus, this work focuses on the mechanisms of sulphate removal using inexpensive 
corrugated iron electrode and determination of the factors that influence the coagulant 
formation. The electrocoagulation parameters will be studied since sulphate removal 
mechanisms are more likely to be dependent on applied current, electrode material, 
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1.4 The Aim and Objectives of the Study 
 
Aim:  
To remove sulphate ions from industrial wastewater using recycled corrugated iron 
electrode and the use of electrocoagulation waste sludge (primarily in the form of metal 
oxide) as a nanocomposite for sulphate adsorption. 
Objectives:  
o Applying scrap corrugated iron sheet as a sacrificial electrode for 
electrocoagulation (EC) of sulphate in industrial effluent.  
o Use the waste sludge from the electrocoagulation process as sulphate 
adsorbent.  
o To study the impact of parameters such as pH, contact time, initial concentration 
and co-existing ions during the removal of sulphate ion from water samples. 
o  Investigate the influence of the EC process on morphology of the surface of the 
recycled corrugated using SEM-EDS, FT-IR XRD and BET. 
o Study of kinetics to determine the reaction order and reaction rate constants. 
o Influence of the operating costs based on energy and electrode consumptions. 
o To treat real industrial effluents. 
1.5. Dissertation outline  
 
The outline portrays a brief description of each chapter.  
Chapter 1: deals with background information of the research project. The background 
and problem statement, rationale of the study and the choice of sacrificial anodes 
applied. The project aims and objectives are also presented in this chapter.  
Chapter 2: presents comprehensive literature review of electrocoagulation (EC), 
guidelines or permissible limits of the industrial effluents as stated in the municipal by 
laws, current technologies used for the treatment of industrial effluents. 
Chapter 3: contains detailed information on instruments that were used for the 
characterisation of electrodes and detection of sulphates and other water quality 
parameters. The experimental procedures on optimization and sample analysis are 
explained in detail in this chapter. 
Chapter 4: presents the experimental methodology, results and discussion on 
corrugated iron sheets for electrocoagulation of sulphate ions in industrial effluents 
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Chapter 5: entails the application of the corrugated iron waste (metal oxide) as a 
nanocomposite for the adsorption of sulphates 
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 In South Africa, the over-use of ground water as well as the level of underground water 
has decreased because of increasing water pollution [1,2]. The major source of water 
pollutants come from chemicals present in industrial wastewater effluent. During 
production process in many industries like pharmaceuticals, food processing, textile and 
battery manufacturing, large amounts of chemical substances are used from the 
beginning to the final production stage [3]. The most common acids found in the 
wastewater from battery manufacturing industry are sulphuric, hydrochloric, and lead. 
Similarly, in textile industries, dyes, surfactants, solvents, and other organic compounds 
are the prevalent chemicals found in textile wastewaters. Due to the application of these 
chemicals both from the battery and textile industries, their wastewater contains high 
chemical oxygen demand (COD), sulphate ions, (SO42-), total organic carbon (TOC), 
and low biodegradability. 
According to the literature, industrial activity releases about 300–400 million tons of 
heavy metals, solvents, toxic sludge and other waste into the global waters each year, 
posing a great threat to human being [4,5]. Besides, in the past few years, there has 
been increasing attention to sulphate mitigation [6]. Although sulphate has lower 
environmental risk when compared with other pollutants in wastewater from textile, 
battery and pharmaceuticals industries, yet it adds to the toxicity of waters, natural 
water bodies’ pollution as well as decrease the fertility of soils [7].  
Generally, it is necessary to limit sulphate because its high concentration may hinder 
metal enrichment, limiting the life span of the wastewater treatment plant, as well as 
result in the clogging of pipes. Sulphate is regulated in most countries with rigorous 
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Table 2.1 Limit values for sulphate ions present in discharge  
Country Sulphate discharge levels References 
South Africa 200-400 mg.L-1 [1, 8] 
USA 10-500 mg.L-1 [6] 
Canada 65-500 mg.L-1 [8] 
Finland 2,000 mg.L-1 [8] 
 
The increase in water pollution has caused fresh water to be a limited resource hence 
industries are opting for wastewater reuse technologies [9,10]. Wastewater reusability is 
pivotal for water supply as it is used in many ways like irrigation, industry, and urban 
areas [11]. Therefore, many industrial wastewater treatment technologies for the 
removal of these hazardous recalcitrant compounds from wastewater are being 
developed. 
2.2. METHODS FOR REMOVING SULPHATES FROM WATER 
 
Industrial wastewater containing large excess of SO42- causes severe toxicity in living 
organisms and poses a serious threat to infrastructure (causing cracks to cement walls, 
corrosion of pipes), thereby shortening the life span of the wastewater treatment plant, 
hindering service delivery, and when it ends up in the soil causes low fertility of the soils 
[12]. This also creates a negative impact in the economy as millions of Rands (ZAR) are 
spent annually on fixing some of the problems caused by excess sulphates in 
wastewater. Hence, the removal of sulphate is necessary to reduce its risks to the 
environment and human health. So, technologies which can efficiently remove sulphate 
ions on an industrial scale are needed to improve water quality and meet environmental 
requirements [13,6].  
To minimise these hazards, various technologies have been established for fast and 
effective removal of sulphate ions from wastewater, which include examples such as 
chemical precipitation [14], ion exchange [15,16], photo-catalysis [4] and membrane 
processes [17]. Electrocoagulation technique has been projected as a good technique 
to treat varied wastewaters like landfill leachate, restaurant wastewater, saline 
wastewater, tar sand and shale wastewater, urban wastewater, laundry wastewater, 
nitrate and arsenic bearing wastewater and chemical-mechanical polishing wastewater 
[18,19,20,21]. Electrocoagulation is a simple and economical technique used to get rid 
of the flocculating agent generated by electro-oxidation of a sacrificial anode and 
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normally made from iron and aluminium metals. In this work, the corrugated iron is 
applied as a sacrificial electrode for removal of sulphates by electrocoagulation.  The 
waste produced from the sacrificial electrode will be applied as the nanocomposite for 
sulphate adsorption. 
2.2.1. Ion exchange 
 
Ion exchange is a well-established technique in which ions of a given species are 
displaced from an insoluble exchange material by ions of a different species in solution. 
It is widely used in both water and wastewater treatment. Ion exchange is usually 
applied for water softening, desalting, and removal of ammonia, treatment of heavy 
metal wastewaters, demineralization, and treatment of some radioactive waste [22]. In 
wastewater softening the sodium ion from cationic exchange resin, replaces the calcium 
and magnesium ion as displayed in Figure 2.1. In case of removing sulphate from 
calcium sulphate, an anion resin can be applied whereby hydroxyl ions will be exchange 
for the sulphate ions while calcium will be exchange for hydrogen. The ion exchange 
method can decrease sulphate in wastewater from 8000 to 2000 mg. L-1. In South 
Africa, it has been discovered that during ion exchange of calcium sulphate, gypsum is 
precipitated causing fouling of the resins [23].  
 
Figure 2.1: The water softening and recharge process [23]. 
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2.2.2. Adsorption technology 
 
The adsorption technology is based on the sorption of certain substances by molecular 
sieves with the resulting air mixture separation. [24]. The three fundamental steps 
involve to absorb contaminants on the adsorbent are (i) contamination penetration from 
the solution to the adsorbent surface, (ii) adsorption of the pollutant on the adsorbent 
surface, and (iii) infiltration into the adsorbent structure as shown in Figure 2.2 [24]. 
Activated carbon is one of the most common adsorbents that is widely used in 
wastewater treatment. The advantages of using this method is because of its high 
performance and low treatment time. However, the efficiency of this method depends 
on adsorption, limited regeneration and high cost. 
 
Figure 2.2 Schematic diagram of adsorption technology [24]  
2.2.3. Chemical precipitation 
 
Chemical precipitation in water and wastewater treatment is the change in form of 
materials dissolved in water into solid particles. Chemical precipitation is used to 
remove ionic constituents from water by the addition of counter-ions to reduce their 
solubility. It is used primarily for the removal of metallic cations but also for removal of 
anions such as fluoride, cyanide, and phosphate, as well as organic molecules [25]. 
Chemical precipitation is always followed by a solid separation operation: coagulation 
and/or sedimentation or filtration. 
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Major precipitation processes include water softening and stabilization, heavy metal 
removal, and phosphate removal. Water softening involves the removal of divalent 
cationic species, primarily calcium and magnesium ions. Heavy metal removal is most 
widely practiced in the metal plating industry, where soluble salts of cadmium, 
chromium, copper, nickel, lead, zinc, and many others, need to be removed and 
possibly recovered. Phosphate removal form wastewater is used to protect receiving 
surface waters from eutrophication (plant growth stimulated by nutrient addition). 
Hydroxide precipitation takes to account the cost of precipitating agents and alkali 
requirements in which calcium hydroxide (lime) is the most cost-effective option for 
wastewater treatment as indicated in Figure 2.3. Hydroxide precipitation is initiated by 
adding an appropriate hydroxide to the wastewater in stirred reaction tanks to form the 
insoluble heavy-metal hydroxide precipitates. However, chemical precipitation methods 
result in secondary pollution due to toxic sludge formed [25] 
 
 
Figure 2.3 Example process flow diagram for a tubular membrane filter metal 
precipitation [26]  
 
2.2.4. Membrane filtration technology 
 
The use of membrane is one of the easier wastewater purification method. This is done 
by passing solution having pollutants via the physical pores of the membrane with 
different sizes, carried out under high pressure, where the solution goes through the 
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pores and leaves the pollutants on the membrane as displayed in Figure 2.4 [2]. 
Several other membrane filtration technologies are reverse osmosis, ultrafiltration, 
microfiltration, nanofiltration, and electrodialysis. These processes are mostly the same 
but differ in the pore structure (pore size, pore size distribution, and porosity), 
membrane permeability, and applied operating pressures. Advantages of using this 
method is based on the high separation selectivity, low pressure, low space 
requirement, high efficiency, reliability, and easy operation. Membrane processes are 
reported as energy intensive and are prone to fouling resulting in high operation cost, 
and low anti-compacting ability [27]. 
 
 
Figure 2.4 Representation of membrane technology [27] 
 
2.2.5. Photocatalysis technology 
 
Instead of using chemical compounds for degradation of pollutants, photocatalysis 
technology uses nontoxic semiconductors that join the light with suitable wavelength.  It 
is preference over chemical process is based on the fact that nontoxic material is used 
to speed up the process [28,29]. In general, there are five steps that involve in the 
process; which are transfer of contaminants from solution to solid surface, absorption by 
semiconductor surface, photocatalytic reactions that convert the contaminant into 
simpler substances such as carbon dioxide and water as observed in Figure 2.5. The 
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product decomposition and transfer products from interface region to solution [16, 29]. 
The advantages of using this method are as follows: simple design, low-cost operation, 
high stability, and high removal efficiency [30,31]. Disadvantages of using this method 
include electrochemical treatments with long time durations and limited applications 
[16,29]. 
 
Figure 2.5 Schematic diagram of photocatalysis [22]  
2.2.6 Electro-Fenton 
Electro-Fenton (EF) process is an advanced oxidation process (AOP) that is able to 
mineralize organic pollutants such as pharmaceuticals, pesticides, dyes, phenols, and 
phenolic compounds through radical reactions. EF process is a modification of 
conventional Fenton reaction (a synergetic action of H2O2 and iron catalysts) by means 
on in situ electro generation of Fenton’s reagent. 
2.3. History of Electrocoagulation (EC) 
 
The history of EC dated back to 1889 in London where the first plant was built for 
sewage treatment in which EC was used through mixing saline water with domestic 
wastewater [32]. The first patented principle of EC in 1906 by A. Edietrich were applied 
to treat bilge water from ships [19]. Similarly, by 1909 in the United State J. T. Harries 
patented a work on wastewater treatment by electrolysis using sacrificial aluminium and 
iron anodes [19,32]. EC is used as an electrochemical technique for treating wastewater 
by means of electricity as an alternative to expensive chemical reagents. EC process 
has attracted great consideration on treatment of industrial wastewater for its 
resourcefulness and environmental compatibility. It has numerous advantages in 
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comparison with the conventional methods because it is a simple equipment, ease of 
operation, less treatment time, reduction or absence of chemical addition [33]. Besides, 
EC process offers quick sedimentation of electro-generated flocs and little sludge 
formation. It advantageously removes the tiniest colloidal particles in comparison with 
traditional flocculation-coagulation, because of the electric field that sets them in motion, 
such charged particles have a greater probability of being coagulated and destabilized. 
Electrocoagulation is one of effective technology today that is used in treating various 
wastewater [34,35].   
EC is an advanced economic, electrochemical process that concurrently removes 
heavy metals, suspended solutes, emulsified organics and many other components 
from wastewater. By using electricity, it has different treatment processes to the more 
traditional chemicals and biological processes familiar to wastewater treatment. Simple 
equipment is sufficient for this process. No other chemicals are required because the 
electrodes are used as the coagulant under a green process that is environmentally 
friendly [20,35].  
In summary, there are three steps involved during electrocoagulation namely; 
dissolution, coagulation and flocculation [36]. When current is applied during EC, metal 
hydroxide flocs are formed in the wastewater by the dissolution of the anodes. Similarly, 
suspended solids and colloidal materials are stabilized. So, as the particles make 
interaction with the electrodes when current is applied, neutralization of the particles 
occurred and these particles combined to form flocs [23,36].  
During electrocoagulation, parameters such as current density, pH, electrode materials, 
and the electrode connection modes affect the process. The commonly used electrode 
materials in electrocoagulation process are aluminum and iron [37]. During EC metal 
hydroxides which are formed are important for the efficiency of the process since 
different reactions occur with different electrode types. The aluminum anode produces 
the cationic monomeric species in the cause of electrolytic dissolution (Al3+ and 
Al(OH)2+) at low pH, transformed initially into Al(OH)3 and finally polymerized to 
Aln(OH)3n as shown in the solubility diagram (Figure 2.6). 
 The basic EC reactor is made-up by constructing an electrolytic cell with metal anode 
and cathode both which are immersed in untreated wastewater. A Direct current power 
is applied to conduct the cell, as shown in Figure 2.6. 
 




Figure 2.6 Schematic diagram of a basic EC cell [38].  
 
In the EC process, the coagulant species are generated in-situ by metal cations from 
the electro-dissolution of sacrificial anode and hydroxide ions from the water electrolysis 
at cathode summarized as follows [38]:                       
Generally, at the anode, metal ion electrode is oxidized into cations in equation 1.  
M(s) → Mn+(aq) + ne-                                                                                      (Eq. 1)  
Iron and aluminum are the most widely used metals for anode and cathode electrodes 
during EC. In equation 1, M stands for the metal used as anode, where n is the 
electrons transmitted in the anode.  
At the cathode, hydroxyl ions are produced from the electrolysis of water (equation 2) 
 nH2O(aq) + ne- → (n/2)H2(g) + nOH-(aq)                                                      (Eq. 2)  
The hydroxide flocs are formed with the combination of metal cations and hydroxyl ions 
which act as the coagulant agents to absorb/trap contaminants in wastewater as shown 
in equation 3. 
Mn+(aq) + nOH-(aq) → M(OH)n(s)                                                                   (Eq. 3) 
Therefore, the overall reactions are shown in equation 4: 








During EC, it is evident that the oxygen gas produced alongside with hydroxide ion at 
the cathode helps in the adsorption of contaminants and wastewater by carrying the 
flocculated particles to the water surface and providing them with additional flexibility. In 
the EC process, there other reactions that can occur such as oxygen evolution at the 
anode and chemical dissolution of the electrode. These fundamentally influence the 
metal cations produced during EC process. The dissolution of the metal ion from the 
anode follows Faraday’s law [39]: 
 𝑚 = 𝐼𝑡𝑀𝑤/𝑧𝐹                                                                                                       (Eq. 5) 
 Where I is the current (A); t is the contact time (s); M is the molecular weight (g/mol) of 
the anode electrode, F is the Faraday’s constant (98,485 C.mol-1, z is the number of 
electrons involved in the reaction, and m is the amount of electrode dissolved from the 
anode (g).  
The actual anode dissolution in some cases, does not follow Faraday’s law due to the 
side reactions that occurs at the anode. The equation 6 below shows the evolution 
reaction by water oxidation.  
 2H2O → O2 (g) + 4H+ + 4e-                                                                                 (Eq. 6)  
2.3.1. Coagulation 
 
Coagulation is one of the most well-known phenomenon in nature and artificially 
improved water treatment frameworks. Coagulation is a method where tiny particles are 
joined into more aggregates (flocs) as well as the adsorption of dissolved organic matter 
onto particulate aggregates in order to remove these contaminations in the successive 
strong/fluid separation processes [40]. The mechanism put in place to remove organics 
by coagulation has three fundamental aspects (1) electrical neutralization, 
destabilization and accumulation of positively charged metal ions and negatively 
charged organic colloids; (2) the formation of insoluble complexes and precipitates from 
metal ions soluble organic matter; and (3) adsorption of organic occurs on the surface 
of alum physically and chemically [41].  
 As environmental contamination problems become graver and water quality standards 
become more rigid, conventional coagulation innovation has plainly failed to meet the 
necessary prerequisites for water quality safety. Upgraded coagulation and streamlined 
coagulation are improved dependent on existing water treatment process services and 
                                                                                                                                                                                        
18 
 
by bearing in mind past operational conditions and successive process flows to 
accomplish the impact of cutting-edge water and wastewater treatment. 
In 1965, the American AWWA journal extensively in one of its paper discussed the long 
history that centered on the idea of enhanced coagulation. The enhanced coagulation 
proposed by the American Hydraulic Association during the 1990s alludes to the 
improvement of organic matter removal rates by increasing the amount of coagulant in 
the conventional coagulation treatment procedure of water while guaranteeing the 
turbidity removal impact procedure. This idea of enhanced coagulation depends on an 
increase in the quantity of coagulant included or the coagulation procedure constrained 
by the reaction pH conditions. Optimized coagulation on the other hand, is proposed 
based on enhanced coagulation, which is a coagulation procedure with various 
objectives: boosting particulate matter and turbidity removal, augmenting TOC and DBP 
antecedent removal, diminishing excess coagulant content, lessening sludge 
production, and limiting production costs [41]. 
Lately, the force of research on enhanced coagulation has been uncommonly enlarged, 
with numerous researchers carrying out more detailed research. For instance, studies 
have endeavored to gain a thorough comprehension of the qualities of organic matter in 
water bodies, distinguish organic matter removal rules to build up an organic matter 
mode, and sum up the machineries of enhanced coagulation removal of organic matter. 
Past studies found that increments in effectiveness are influenced not just by the dose 
and pH of the coagulant yet additionally by the nature and sharing of the organic matter 
and particulate matter in the water, together with the temperature, hydraulic condition, 
and coagulant morphology.  
With the ceaseless development of present-day coagulation treatment procedures, the 
idea of contaminants in water bodies has gotten progressively broad, the treatment 
trouble has gotten progressively hard, and approaches to reinforce coagulation have 
gotten more varied. For instance, permanganate oxidation-assisted coagulation has 
been broadly used to improve turbidity and natural organic matter (NOM) and algae 
elimination in the coagulation–filtration process. Ballast Microsand and magnetic 
powder are exceptionally experienced technologies, including "Actiflo" technology and 
"CoMag" technology [42]. “Actiflo” technology is a high-rate and compact water 
clarification process in which raw water is flocculated with microsand and polymer in a 
Turbomix draft tube reactor. The microsand enhances the formation of robust flocs and 
acts as ballast, significantly increasing their settling velocities, while “CoMag” 
technology uses magnetite to ballast conventional chemical floc, enhancing settling 
rates and increasing the performance of wastewater and water treatment operations. 
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The high-density, magnetite ballasted floc flows into a modified compact high rate 
Lancy Solids Separator which minimizes the amount of solids escaping the unit. The 
solids separator is equipped with corrugated plate interceptor (CPI) packs [43].  
Scientists have additionally upgraded the utilization of ballast technology in wastewater 
treatment by altering or changing the dosing materials dependent on this rule, [42,43] 
considered the expected effect of including powdered actuated carbon or organoclay 
(OC) adsorbent and ferric chloride (FeCl3) coagulant together on the coagulation [44]. 
The outcomes indicated that the turbidity of the explained water sample was lower 
when OC was included during the coagulation procedure and powdered activated 
carbon eliminated the greater part or practically all of the dissolved aromatic 
compounds. Hongmei et al. utilized synthetic hydroxyapatite in blend with chitosan and 
indicated that it can viably eliminate 88–95% of copper and zinc particles [44]. Chitosan 
altogether improves the speed of coagulation and precipitation. Another famous subject 
of examination is the turn of events and use of new coagulants, for example, inorganic 
polymer flocculants, biopolymer flocculants, and regular coagulants. 
2.3.2 Flocculation 
 
Flocculation alludes to the physical procedure involve in uniting particles, when they 
have been destabilized by the coagulation procedure. In the flocculation procedure, the 
impacts of the microflocs made during the coagulation step cause them to attach to 
yield bigger, noticeable flocs [45]. The size of the flocs keeps on expanding in view of 
the collision and interactions with the coagulant. The collisions between particles in a 
destabilized suspension are impacted by a number of procedures [46]. Three 
mechanisms are generally approved to clarify the movement and collision of the 
particles and these incorporate Brownian diffusion, fluid shear, and differential 
sedimentation models.  
Brownian diffusion, or peri-kinetic flocculation, is because of the ceaseless 
bombardment by encompassing water molecules, while fluid shear or ortho-kinetic 
flocculation is brought about by contrasts in the velocity gradients in either the laminar 
or uncontrolled fields [46,47]. Differential sedimentation is identified with the gravity of 
the particles, where particles that settle quicker surpass and collide into more slow 
settling particles. Flocculation rate equations have been determined for each of these 
previously mentioned mechanisms by accepting that the aggregation is where the rate 
of collision (fij) between I-and j-size particles is corresponding to the result of the 
centralizations of the two colliding units (Ci and Cj).  
The overall type of this relationship is shown in equation 7 [47]:  
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fij = Eij Kij Ci Cj                                                                                          Eq.7  
where kij is a second-order rate constant that relies upon the transport mechanism and 
various factors, including particle size, and Eij is a flocculation rate correction factor or a 
collision efficiency factor.  
 
2.3. 4. Comparison of Electrocoagulation and Chemical Coagulation 
 
The coagulation process has been accounted for as the most widely recognized and 
compelling strategy to eliminate numerous kinds of contaminants from wastewater. The 
primary aim of coagulation is to precipitate contaminations as an insoluble structure 
followed by separation processes. The chemical coagulation of contaminants is 
generally accomplished by adding chemical coagulants. For instance, sodium hydroxide 
can be added to alter the pH of wastewater at that point precipitate heavy metals ions 
as insoluble hydroxides. Gaied et al. and Uhlig et al. reported that metal salt like iron or 
aluminum additionally can be utilized as coagulants to eliminate contaminants as 
colloidal matter or to improve settlement qualities of pollutants [48,49].  
Even though chemical coagulation can be an applicable method to successfully 
eliminate contaminants, the strategy isn't viewed as low cost. Also, adding chemical 
substances to wastewater may create secondary contamination. A substitute for the 
chemical coagulation procedure is electrocoagulation, which has similar pathway with 
chemical coagulation to eliminate contaminants by the presence of coagulants. 
However, rather than chemicals incorporation into chemical coagulation, 
electrocoagulation in situ creates coagulants by the electro-disintegration of the 
sacrificial anode, typically made of aluminum or iron.  
The researchers targeted how to provide a contrast between chemical coagulation and 
electrocoagulation dependent on the related parameters, for example, removal 
efficiency, coagulants created and change of pH, even the removal mechanism 
[41,50,51]. Ghernaout et al. and  Hayder et al. looked at EC and chemical coagulation 
pretreatment for enhanced viral removal utilizing microfiltration membranes [24,52]. The 
outcome recommended that EC outshined chemical coagulation pretreatment for viral 
removal, additionally EC is more viable than chemical coagulation for natural organic 
matter removal [52].  Ghernaout, et al. and Holt et al. quantitatively compared chemical 
dosing and electrocoagulation [50,52]. The authors recommended that the diverse 
exhibition between substance dosing and electrocoagulation chiefly ascribed to the 
various instruments of coagulant conveyance [53,54]. Emamjomeh and Sivakumar 
                                                                                                                                                                                        
21 
 
zeroed in on the removal of turbidity [53]. The study compared chemical coagulation 
and electrocoagulation from various levels, including removal efficiency, size of 
coagulant flocs formed, and the quantity of sludge created. The outcomes 
demonstrated that the EC procedure was more proficient to eliminate turbidity than the 
chemical coagulation process and prompted bigger floc size, while created a 
significantly less absolute volume of sludge 
2.4. Application of electrocoagulation (Advantages and disadvantages)  
 
Electrocoagulation method is potentially an economic and environmental way for the 
treatment of wastewater [55,56]. Its application is basically required in the identified 
areas as shown in Figure 2.7. The elimination of various contaminants from water with 
a minimum of sludge production is achieved by this process and it is imperative to 
understand the effect of the operational parameters and how to optimize the process 
[57]. Its ability to adsorb hydroxide onto mineral surfaces 100 times greater in situ rather 
than with the addition of metal hydroxides as a coagulant make it an outstanding 
effective technique [58]. In comparison with traditional flotation and coagulation, 
electrocoagulation helps to remove small colloidal particles because of the large 
probability that cause them to coagulate as a result of the electric field that sets them in 
motion. Furthermore, the addition of an excessive amount of coagulants can be 
avoided, due to their direct formation by electro-oxidation of a sacrificial anode. The 
flocs formed by EC are more stable and relatively large, containing less bound water 
[59]. Electrocoagulation brings with it a minimal possibility for secondary pollution and 
the avoidance of the addition of excess amounts of chemicals, in comparison with 
chemical methods [50].  
There are numerous advantages and disadvantages as displayed in Table 2.2 [60]  
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Table 2.2 Advantages and disadvantages of EC 
Advantages of EC Drawbacks of EC 
No addition of chemicals needed; thus, 
it causes to a very low secondary 
pollution. 
High operation cost results from 
electricity necessity in EC process. 
 Easily operated with the simple 
required equipment and a procedure. 
Sacrificial anodes are disbursed during 
process, and it must to be changed 
frequently. 
Electrocoagulation process is preferred 
in the case of organic pollutants than 
chemical coagulation due to higher 
effectiveness. EC also requires less 
aluminum dosage when aluminum is 
anode. 
Cathode passivation hinders the flow of 
electric current.  [61]. 
Low volume of sludge is formed during 
EC.  
In the case of effluent with low dissolved 
solids, EC application is partial due to 
its requirement for a minimum 
conductivity of treated solution. 
EC can coagulate the small colloidal 
particles due to the operative 




2.4.1 Comparison electrocoagulation (EC) with other treatment methods 
 
Lately, numerous researchers have done research to contrast the EC strategy and 
other treatment strategies. Akyol et al. equated the two techniques for EC and electro-
Fenton (EF) to treat effluents from the liquid organic fertilizer plant [5]. Under ideal 
working conditions for the EC method (50 A.m-2, 45 min and pH = 6), the removal 
efficiencies of 79% for TOC, 83% for COD, 73% for total phosphate, while under the 
ideal conditions for the electro-Fenton method (50 A.m-2, 45 min, 25 mM H2O2 and pH = 
3), the removal efficiencies 87% for TOC, 91% for COD, 96% for total phosphate, and 
99% for colour were acquired. Also, calculation of operating costs was done for the 
methods, which were attained for EC and EF methods, 0.74 and 1.23 V.m-3, 
respectively. They inferred that the EF method was more effective than the EC method 
regarding contaminants removal efficiency, while the EC method was more affordable 
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than the EF method [2]. Al-Shannag et al. utilized the EC method to eliminate heavy 
metal ions from metal plating effluent [62]. The outcomes demonstrated that with 
accumulative current density and residence time, removal efficiency increases. 
Subsequently, over 97% of heavy metal ions are eliminated at a current density of 4 
mA/cm2, pH of 9.56, and treatment time of 45 min, while under these conditions, exact 
energy utilization and specific amount of dissolved electrodes were about 6.25 kWh/m3 
and 1.31 kg/m3, respectively [62]. Some researchers equated the two methods for EC 
and photog-assisted chemical oxidation (PACO) to remove reactive blue colour [63]. 
The outcomes indicated that the removal effectiveness of the two methods was over 
99%. Operating cost for the EC and PACO process are calculated at 0.5937US$ 
(R9.4992 ZAR) and 0.016 US$, (R0.256 ZAR) respectively. In any case, regarding 
electrical energy utilization and the general operating cost, the EC process contends 
(0.0481 US$ (R0.7696 ZAR) and 0.6418 US$ (R10.2688 ZAR) with the PACO process 
(1.0267 US$ (R16.4272 ZAR) and 1.04337 US$ (R16.6939 ZAR) [63]. Eskibalci et al. 
equated the coagulation and EC methods for the dewatering of a coal preparation plant 
[37]. The outcomes show that when aluminum electrodes are utilized, the removal 
efficiency is same for the two methods. Moreover, the utilization of the EC method has 
reduced operating cost to 22.2% equated with the coagulation method [63].  Sandhwar 
and Prasad equated the three methods EC, peroxi-EC, is where H2O2 is added 
externally and sacrificial iron anode is treated as Fe2+ source, and peroxi-coagulation 
processes for the treatment of simulated disinfected terephthalic acid wastewater [64]. 
Wastewater contains major harmful segments of purified terephthalic acid wastewater: 
benzoic acid, terephthalic acid, paratoluic acid, and phthalic acid [64]. Procedure 
variables included pH (4-12), current density (45.72 - 228.60 A/m2), electrolyte 
concentration (0.04 - 0.08 mol. L-1), electrode gap (1-3 cm), H2O2 concentration (600 - 
1000 mg. L-1), and reaction time (20 - 100 min).  
The extreme COD removal of EC, PEC, and peroxi-coagulation (PC) treatments was 
60.76%, 73.91%, and 66.68%, respectively. What's more, the energy utilization of every 
method was 95.81, 49.58, and 69.26 (kWh/kg COD eliminated), individually. Since the 
peroxide-electrocoagulation (PEC) technique has the least vitality utilization and the 
most noteworthy expulsion effectiveness, it is the best removal process [65]. Maitlo et 
al. utilized air metal energy component EC strategies to eliminate arsenic in water [65]. 
The outcomes demonstrated that utilizing this technique consistently takes out over 
99.5% of arsenate in water for 4 h with a power density of 5.9 Wm-2. Furthermore, in 
batch mode, over 99.9% of arsenate was removed from the water in 6 h with a most 
extreme power density of 1.99 Wm-2 [65]. Gaied et al. analyzed the tertiary treatment of 
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wastewater by EC, electro-Fenton, and progressed electro-oxidation processes [48]. 
After 180 min, the removal efficiency of BOD5 and COD was 56% and 14%, 
respectively, while the EC method destroyed various germs. Simultaneously, this 
elimination rate increases to 75% and 52%, separately, when the EF process is utilized, 
and the germs are totally destroyed. Utilizing the anodic oxidation (AO) method, the 
removal efficiency of BOD5 and COD was, 92% and 57%, respectively, and all germs 
are dispensed with. The economic study demonstrated that the EF process is actually 
and monetarily the best of these choices for the treatment of this wastewater. 
Ramprasad et al. looked at two procedures for coagulation and EC to wipe out landfill 
leachate [66]. These tests, which were acted in batch mode, demonstrated that the 
effectiveness of eliminating the two procedures was nearly equal (over 74%). Also, the 
efficiency of eliminating contamination in the coagulation/flocculation process has been 
higher than the EC method. In the EC procedure, the removal efficiency of turbidity, 
COD, chloride, alkali, and soluble solids was 98%, 78.1%, 84.5%, 77.9%, and 75.8%, 
respectively, while for the coagulation/flocculation process, the efficiency of eliminating 
the stated contaminants was 97%, 74%, 83%, 74%, and 71% respectively. Arturi et al. 
compared the EC and chemical coagulation (CC) method in the treatment of gelatin 
product plant wastewater [10]. Results demonstrated that the makeup of the precipitate 
at various operation conditions, for example, pH, show that EC has expanded 
effectiveness of COD removal, compared with CC with a similar dose of aluminum (Al3+) 
as a coagulant. The efficiency of COD removal was 73.6% with EC and 55.6% with CC. 
The in-situ formation of zeolites in the EC process clarifies the high efficiency of this 
treatment compared with the CC process [10]. 
2.5. Types of electrodes used in electrocoagulation 
 
Most of the materials used to make electrodes consist of iron and aluminium because of 
several advantages proffered, which includes their availability and low price, non-
toxicity, and high valence that causes efficient pollutant removal. 
Both cations dissolve from the anodes as shown by equation 8-9: 
Fe(s) →Fen+(aq) + ne-                                                                                             (Eq. 8) 
Al(s) → Al3+(aq) + 3e-                                                                                                 (Eq. 9) 
Iron dissolves either into a divalent Fe(II) or a Fe(III) form in the aqueous medium 
subject to the pH of the solution and the potential E during EC as shown in the E-pH 
diagram for iron Figure 2.8. Furthermore, Fe(II) oxidize to Fe(III) as shown in equation 
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8 under suitable conditions. On the other hand, aluminium dissolves only into a trivalent 
form Al(III) according to equation 9. 
Mameria et al.; Sandoval et al. opined that oxygen generation at relative higher voltage 
will be enhanced to compete current with anode dissolution at the anode and causes 
lower Faraday efficiency of the EC process [67,68]. Conversely, the simultaneously 
generated H+ will consume OH produced at the cathode. Therefore, such secondary 
reaction is considered none favourable for the EC process.  
                    
Figure 2.8 Solubility diagram of iron [67,68] 
 
2.5.1. Iron and steel anodes 
Iron produces iron hydroxide, Fe(OH)n during oxidation in an electrolytic system, where 
n = 2 or 3. The production of Fe(OH)n involves two mechanisms as shown. 
Mechanism 1 
Anode: 
4Fe(s) → 4Fe2+(aq) + 8e−                                                                                     (Eq. 10) 
4Fe2+(aq) + 10H2O(l)+ O2(g) → 4Fe(OH)3(s) + 8H+(aq)                                                                   (Eq.11) 
Cathode: 
8H+(aq) + 8e−→ 4H2(g)                                                                                                                                        (Eq. 12) 
 




4Fe(s)+10H2O(l)+ O2(g) → 4Fe(OH)3(s) + 4H2(g)                                                                     (Eq. 13) 
 Mechanism 2 
Anode: 
Fe(s) → Fe2+aq)+2e−                                                                                                (Eq.14) 
Fe2+(aq)+2OH−(aq) → Fe(OH)2(s)                                                                                                                     (Eq. 15) 
 
Cathode: 
2H2O(l) + 2e− → H2(g) + 2OH− (aq)                                                                          (Eq. 16) 
Overall: 
Fe(s)+ 2H2O(l) → Fe(OH)2(s) + H2(g)                                                                                                              (Eq. 17) 
Equation 18 shows the formation of gelatinous iron hydroxide suspensions that can 
remove pollutants from wastewater by complex formation. The pollutants act as organic 
ligands (such as cyanide, fluoride, nitrate, nitrite, phosphate and sulphate) and are 
abbreviated as L. 
L − H(aq)(OH)OFe(s) → L − OFe(s) + H2O(l)                                                                                            ( Eq.18) 
Instead of forming ferrous hydroxide complexes, ferrous ions can be oxidized to ferric 
ions, which can form monomeric ions, Fe(OH)3, and polymeric hydroxyl complexes, 
namely: Fe(H2O)63+, Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2+, Fe2(H2O)8(OH)24+, and 
Fe2(H2O)6(OH)44+, depending on the pH of the solution as describe by the solubility 
diagram Figure 2.8. 
2.5.2. Aluminum anode 
 
Mamelkina et al.; Mollah et al.; and Sandoval et al. have used aluminum electrode 
during electrocoagulation of wastewater [20][36][68]. When the aluminium anode 
dissolves, it produces Al3+ and Al(OH)2+ at low pH, which transforms initially into 
Al(OH)3 at suitable pH values and polymerized finally to Aln(OH)3n according to the 
reaction equations 19-20: 
Al→Al3+aq)+3e−                                                                                                       (Eq.19) 
Al3+(aq)+3H2O→Al(OH)3 + 3H+ (aq)                                                                          (Eq.20) 
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nAl(OH)3 → Aln(OH)3n                                                                                           (Eq.21) 
The presence of Al (OH)2+, Al2(OH)24+ and Al(OH)4− in the system depend on the pH of 
the aqueous medium. The solubility diagram shows that under normal conditions 
various forms of charged multimeric hydroxy Al3+ species may be formed. Furthermore, 
ferrous ions can be oxidized to ferric ions as a substitute for ferrous hydroxide 
complexes, which can form monomeric ions, Fe(OH)3 and polymeric hydroxyl 
complexes Fe(H2O)63+, Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2+, Fe2(H2O)8(OH)24+, and 
Fe2(H2O)6(OH)44+, depending on the pH of the solution as shown in Figure 2.9. 
    
Figure 2.9 Solubility diagram of aluminium hydroxide Al(OH)3(S) [ 69] 
 
The gelatinous charged hydroxo cationic complexes help to remove pollutants 
effectively by adsorption to produce charge neutralization as well as by enmeshment in 
a precipitate. Defluorination of water by electrolysis using aluminum electrodes have 
been studied [36,70]. The formation of AlF63− from the Al3+ ions under high F− 
concentration following the suggested mechanism was transformed to insoluble salt 
Na3AlF6 by adding sodium ions according to the following reactions [70]: 
 
Al3+ + 6F− → AlF3−6                                                                                                (Eq. 21) 
AlF3−6+3Na+→Na3AlF6                                                                                                                              (Eq.22) 
Finally, the insoluble Na3AlF6 salt was then filtered off.  This technology was 
successfully used by Mameria et al. to de-fluoridate septentrional Sahara water of North 
Africa [67]. 
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2.5.3. Zinc anodes 
  
 Aluminum, and iron are the most widely sacrificial anode used in EC. Nevertheless, 
Moussa et al. and Fajordo et al. reported a successful removal of phenols other 
pollutants in wastewater using another anodic materials such Zn [32,40]. The 
similarities of these anodic materials are identified. The dissolution of Aluminum, iron 
and Zn occur at the anode and these ions formed their corresponding hydroxides 
depending on the pH.  
As shown in equation 23-24, the following reaction occur when the Zn anodic material is 
used [71]. 
 
 Zn → Zn2+ + 2e-                                                                                                    (Eq. 23)                                                                                                                                                                                                                                                                            
 Zn2+ + H2O → Zn (OH)2(s) + 2 H+                                                                         (Eq. 24)                                                                                                                  
. 
2.6. Summary mechanism of pollutants removal by EC. 
 
Moussavi, et al.; Nariyan et al. reported that most successful technology for sulphate 
removal from mining waters is EC [25,71]. Although mechanisms used for removal of 
pollutants during EC are not clearly understood. However, coagulation, enmeshment, 
precipitation, adsorption, complexation or charge neutralization of particles have been 
identified by many researchers to be eco-friendly mechanisms for the removal of 
pollutants [20,38,41]. The schematic diagram 1 in Figure 2.10 shows several removal 
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Figure 2.10 Mechanisms involved in contaminates removal during 
electrocoagulation process [41] 
 (Eq. 25) shows the overall adsorption of the pollutants (Ox) on the metal (Me) 
hydroxides produce during EC [25]. 
         𝑛𝑀𝑒𝑥 (𝑂𝐻)(3𝑥−𝑦) + 𝑂𝑥(𝑎𝑞) → 𝑛𝑀𝑒𝑥 (𝑂𝐻)𝑦(3𝑥−𝑦) − 𝑂𝑥                                       (Eq.25) 
While co-precipitation can be described by (Eq. 26): 
          𝑛𝑀𝑒𝑥(𝑂𝐻)(3𝑥−𝑦)+𝑂𝑥(𝑎𝑞) → 𝑂𝑥[𝑛𝑀𝑒𝑥 (𝑂𝐻)𝑦(3𝑥−𝑦)]𝑛                                         (Eq.26) 
Presumably, if sulphate is reduced during EC to sulphide or sulphur (Eqs. 27-29), it is 
associated with elements like Fe, Ni, Zn and Cu in the solution, the following redox 
reaction will occur below -0.2 V as follows [1,54]. 
                                      𝑆6+ + 8𝑒− → 𝑆2−                                                              (Eq 27) 
                                    𝑆6+ + 6𝑒− → 𝑆0                                                                  (Eq.28) 
                                   𝑀𝑒 + 𝑆 → 𝑀𝑒𝑆                                                                   (Eq.29) 
  Fe2(SO4)3 is formed at acidic condition takes place (Eq. 30) [54] 
                               2(𝑂𝐻)3+3𝑆𝑂42−→ 𝐹𝑒2(𝑆𝑂4)3 + 6𝑂𝐻−                                         (Eq.30) 
 Precipitation of FeSO4(OH) occurs as follows in base condition (Eq. 31) [54]. 
                          𝐹𝑒2(𝑆𝑂4)3+2𝑂𝐻−→2𝐹𝑒𝑆𝑂4(𝑂𝐻)↓+𝑆𝑂42−                                        (Eq.31) 
From literature, the complexation reactions between iron (II) and free cyanide ions are 
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                        𝐹𝑒2+ + 6𝐶𝑁− → (𝐶𝑁)64−                                                                                            (Eq.32) 
                       𝐹𝑒2+ + (𝐶𝑁)64− → 𝐹𝑒2𝐼𝐼𝐹𝑒𝐼𝐼 (𝐶𝑁)6 ↓                                               (Eq.33) 
                    𝐹𝑒2𝐼𝐼𝐹𝑒𝐼𝐼 (𝐶𝑁)6 → 𝐹𝑒4𝐼𝐼𝐼 [𝐹𝑒𝐼𝐼 (𝐶𝑁)6]3 ↓ +2𝐹𝑒2+ + 4𝑒−                     (Eq.34) 
The charge of the particles is neutralized by the ions produced which enable the 
process of coagulation. Two classical methods are used during the removal of the 
pollutant when ions are released. Chemical reaction and precipitation is the first 
removal method while the second method is centred on the combination of colloidal 
materials which is removed through electrolytic flotation. On the other hand, ionization, 
electrolysis, hydrolysis and free-radical formation takes place when pollutants are 
subjected to applied electric field. 
2.7 Parameters controlling the efficiency of electrocoagulation. 
 
During EC, many factors like current density, contact time, electrode arrangement, pH 
and temperature are known to influence the efficiency and ability of electrocoagulation 
to remove pollutants from wastewater. 
2.7.1. Electrode arrangement 
 
The arrangement of electrode and inter-electrode distance during EC process can 
possibly affect electrode system. Electrodes can simply be arranged either by 
consisting of an anode and a cathode or of many anodes and cathodes placed in EC 
cell. The arrangement of electrode in complex forms are found in monopolar and bipolar 
electrodes. 
 Figure 2.11a shows monopolar electrodes in parallel connection (MP-P). This type of 
electrode arrangement is similar to the one that consists of cathodes and anodes that is 
alternatively placed at the same anodic or cathodic potential, respectively. Each pair of 
cathode/anode resembles a small electrolytic cell with the same voltage. Therefore, the 
electrolytic cells of the reactor are parallel while each current is additive. Figure 2.11b 
illustrates monopolar electrodes in series connections (MP-S). Here, each pair of 
internal sacrificial electrodes is connected within with each other and has no 
interconnections with the two outer electrodes. The same electric current passes 
through all the electrodes in this case, where the global voltage is the sum of voltage in 
each individual electrolytic cell.  
In the case of bipolar electrode in series connections (BP-S), two outer electrodes are 
connected to electric power supply, where the sacrificial electrodes are placed between 
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the two outer electrodes (Figure 2.11c). The monopolar are the outer electrodes 
whereas the inner ones are bipolar. There is no interconnectivity with the bipolar 
electrodes and each of their sides acts simultaneously as an anode and a cathode. 
Inferring that opposite sides of each bipolar electrode are oppositely charged, the 
dissolution of the anode occurred on the positive side while the cathode reaction takes 
place on the negative side. 
In overall, low voltage and high current is needed by monopolar electrodes contrary to 
the bipolar electrodes that requires a high voltage and a lower current. Hence, to 
determine and conclude which electrodes arrangement is better than the other is 
difficult knowing that both have displayed equal high EC efficiency [59,70]. Considering 
the ratio effectiveness-cost, monopolar electrodes are necessary because its electrodes 
arrangement offers a high pollutant removal with a lower energy consumption, whereas 
bipolar electrode constantly consumes a high energy [73]. Monopolar mode is easy to 
handle, requires less maintenance cost during operation, hence these factors should be 
considered when choosing an appropriate electrode mode. There are other geometrical 
shapes such as circular, cylindrical apart from the popular rectangular electrodes. 
Electrodes can be arranged vertically or horizontally in EC cell.  
 
 
           Figure. (a)                              Figure. (b)                        Figure. (c) 
Figure 2.11 Schematic configurations of electrode connections [32] 
 
One of the basic EC control parameters that does not only impact the performance and 
efficiency of the process is the choice of the electrode materials in association to the 
cost. The anodic dissolution, percentage of pollutant removed, and the coagulant 
required are significant parameters that play an important role in achieving EC 
efficiency that are directly associated with the released ionic metallic species. Since 
                                                                                                                                                                                        
32 
 
greater electrical double-layer compression that enhances the pollutants coagulation 
requires higher charge valence metal-ionic coagulants should be preferred. Normally, 
aluminum and iron electrodes are preferably used because of their coagulating 
properties of divalent ions [61]. Yet, another thing is that aluminum and iron chloride 
salts are the most used coagulants and the most conventionally accepted in coagulation 
water-treatment [9]. Furthermore, aluminum and iron are also chosen because they are 
easily availability, their low cost and high rate of electro- dissolution. 
2.7.3. Current density 
 
Current density is considered as a very important parameter of EC because it 
determines the coagulant dosage by controlling the amount of metal ions and hydroxide 
ions produced from the electrode [6]. Generally, the amount of released metal ions can 
be calculated by Faraday’s law (Eq. 5), which shows the metal dissolution is 
proportional to the applied current density. Through the increase of current density, the 
anode electro-dissolution and water electrolysis rate increases. It leads to the formation 
of more coagulant flocs and finally results in the increase of pollutant removal efficiency. 
However, it should be noted that, in some case, the amount of metal ions generated 
does not fit the theoretical value obtained by Faraday’s law [74]. This fact might be 
attributed to the presence of chemical dissolution of metal ions and energy loss for 
heating water during EC process. Therefore, it is worth noting that the high current 
density is not always favourable for effective removal of pollutants from wastewater by 
EC process.  
2.7.4   pH 
 
Another important parameter needed during EC is pH because it influences the 
conductivity of the solution, zeta potential and electrode dissolution. It is however 
difficult to establish a clear relationship between the pH of the solution and the 
efficiency of electrocoagulation since pH of the treated water changes during EC 
process, therefore it is usually referred to the initial solution pH potential [75].  Aluminum 
and iron anodes behave in a different manner during EC as discussed in the following 
sections. 
2.7.5 Distance between the electrodes 
 
The important parameter is the distance between the electrodes and their surface area 
whose enhancement directly affects the operating costs. A high electrical conductivity of 
                                                                                                                                                                                        
33 
 
the effluent and a constant current density is used to reduce energy consumption, 
therefore, the distance between the electrodes must be increased. Equally, for an 
effluent with a weak electrical conductivity, reduction of the distance between the 
electrodes is necessary so as to reduce the power consumption. Attour et al. studied 
the outcome of electrode distance to eliminate phosphate from wastewater using EC 
aluminum electrodes was used at different distances in the effluent with an exact 
electrical conductivity [12]. The results indicated optimal operating conditions at an 
electrode gap of 5 mm, an initial pH of 3, and a conductivity of 3.2 mS [12]. 
2.7.6. Concentration of analyte anions 
 
The destabilization properties of metal ions depend on the effect of different anions. 
Sulphate ions inhibit the corrosion/metal dissolution from the electrodes and thus 
decrease the destabilization of colloids and current efficiency [60,76]. In the case of 
chloride and nitrate ions, they stop the inhibition of sulphate ions by breaking down the 
formed passive layer. Chloride ions presence also considerably decreases the adverse 
effect of sulphate ions, causing salts precipitation on the electrodes as a result of higher 
salt concentration. An insulating layer is formed from the precipitates which reduces the 
efficiency of the current by increasing the potential between electrodes [49]. Power 
consumption efficiency of the EC is grossly influenced by conductivity. The higher the 
conductivity, the lower the power consumption of EC because of the rise in the 
efficiency of contaminant removal. As a result, the conductivity of the solution is 
improved by the addition of anions in the form of salts such as NaCl. Chen, et al. 
reported that the presence of chlorine ions effectively contributes to water disinfection 
[35]. 
2.7.7 Effect of bubble size 
 
In an electrocoagulation/flotation (ECF) reactor, through electrolysis bubbles are 
produced by ways of assisting mechanical excitation and the whole mixing of liquid 
solution [77]. The floating of the aggregated particles by reducing their relative density is 
helped by these processes. The interfacial area is increase by the decrease in the 
bubble size, thus, generally improving the removal efficiency of pollutant. Bubble size 
depend on pH, length of electrode, and the current density. The bubble size of 
hydrogen (H2) is smallest at neutral pH in contrast to acidic and basic conditions. 
Increase in current density increases the production of bubbles and decreases the size 
of a bubble. A characteristic size of a hydrogen bubble varies between 20 to 70 
micrometres [77]. 




2.8 Kinetic study 
 
The kinetic adsorption of electrocoagulation is one of the most important factors that 
plays a critical role in the removal of the contaminants. Mamelkina at al. examined the 
kinetics of sulphate removal from mining waters by electrocoagulation [20]. Based on 
the results obtained, sulphate removal obeys relatively well both first and second order 
kinetics, indicating the enmeshment and chemical precipitation. Also, k1 and k2 results 
increased when the applied current increases and concentration decreases. The 
highest removal of sulphate was reported at 54% [20]. The kinetics of sulphate removal 
by EC was described by the first order and second order [78]  
lnC = ln C0 – k1t                                                                                                     (Eq. 35) 
1/C = 1/ C0 + k2t                                                                                                     (Eq. 36) 
Where C is the final solution concentration of sulphate, C0 is the initial solution 
concentration of sulphate, k1 and k2 are the first and second order constants. 
Nariyan at el. evaluated the kinetic performance of the EC process to remove sulphate 
in mining waters [79]. In this work, the author suggested that the sulphate removal 
follows the second order, nonetheless, no conclusion reached on the model because of 
the correlation coefficients values that were reported to be close to each other. In this 
work, the kinetics of sulphate removal by electrocoagulation using corrugated iron has 
been conducted. Therefore, first- and second order kinetic reactions were used in order 
to fit the experimental data. 
2.8.1. Adsorption isotherms 
 
The phenomenon of adsorption on a solid is related to the unsaturated and unbalanced 
forces that are present on solid surfaces. When a solid surface is brought into contact 
with a liquid or gas, the solid surface tends to balance these forces by attracting and 
retaining on its surface the molecules, atoms, or ions, of the liquid or gas. Therefore, a 
greater concentration of the gas or liquid occurs in the vicinity of the solid than in the 
bulk. The adsorption falls into two broad categories; physisorption and chemisorption. 
 Physisorption is a non-specific loose binding of the adsorbate to the surface due to 
weak interactions, such as van der Waals forces [80]. On the other hand, chemisorption 
involves a more specific binding, such as the exchange or sharing of electrons between 
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the adsorbate molecules and the solid surface, resulting in a chemical reaction. 
Therefore, only monolayer adsorption is possible. 
 The adsorption isotherm indicates how the adsorption molecules distribute between the 
liquid phase and the solid phase, once the adsorption process reaches the equilibrium 
state. The adsorption process can be modelled using different approaches and the most 
used models are Langmuir’s isotherm and Freundlich’s isotherm. The following 
equations represent Langmuir and Freundlich’s isotherms respectively [80]. 
 
Ce/qe=(1/qmKl) + (1/qm)/ Ce                                                                                                                              (Eq. 37) 
Logqe= logKf + (1/n) log Ce                                                                                                                              (Eq.  38) 
2.9. Economic impact of EC 
 
The economical part is one of the major limitations that slowdown the wastewater 
treatment process. In the EC method, there is the cost of external chemical, dissolved 
electrode, and energy consumption. The operating cost during the EC method could be 
calculated through the following equation. 
Consumption of electrode (Celectrode, kg/m3: kg of electrode) 
dissolved/m3 of wastewater): Celectrode = M x I x RT/V x F x n 
Consumption of electrical energy (Cen, kW h/m3): 
Cenergy = RT x U x I/V 
Consumption of chemical (Cchem, kg of chemical/m3): 
(Cchem = Chemicals used /m3 of wastewater) Total cost (cost/m3) = a C electrode + b C 
energy + c C chemicals 
where RT = reaction time of treatment (s), U = voltage (V), I = electrical current (A), Z = 
amount of electron moles (3 for Al, 2 for Fe), M = molecular mass of Fe (55.84 g.mol-1) 
and Al (26.98 g.mol-1), V = volume of wastewater (L), F = Faraday’s constant (96,500 
c.mol-1), c = cost of chemicals which can be added (US$/kg), b = electricity costs 
(US$/kWh), and a = cost of aluminum or iron (US$/ kg). Nariyan el at 2017 initiate the 
relation between the value of operating cost in one hand and the effect of geometry of 
electrodes and their consumption, as well as energy consumption, on the other hand 
[79]. 
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2.10. Electrochemistry and corrosion properties of electrodes used in EC 
 
The electrode materials which are employed drives the performance of the 
electrocoagulation process. For instance, the electrode material regulates the type and 
the concentration of the coagulant carried to the solution. Furthermore, each material 
displays not the same rate of dissolution, thus altering the energy consumption of the 
system. Here the electrochemistry and corrosion properties of iron and aluminium and 
some of their alloys are explained. 
2.10.1 Corrosion and passivity 
 
When metallic materials changes as a result of exposure to environment that process is 
called corrosion. Often time corrosion is referred to as having a negative effect on 
materials of construction in various systems [17,81], however in some cases, it can be a 
benefit for the etching of metal surfaces, electro polishing, cathodic protection 
(galvanising), and passive film formation and battery operation). It can occur in different 
forms in aqueous environments, ranging from uniform corrosion to localised corrosion, 
like pitting, or stress corrosion cracking. But, all metals and alloys, except for gold, 
forms an oxide-containing film because of the reactions with the environment [81]. Many 
of these films are passive and protective and these offer more corrosion resistant metal 
or alloy surfaces. These shielding surface films are accountable for the phenomenon of 
passivity, which decreases or confines the corrosion of a metal or alloy [81]. The 
phenomenon of passivity was first distinguished by Keir in 1790 and next deliberated by 
Schonbein and Faraday in 1836. In his famous iron-in-nitric acid experiments Faraday 
showed that the sample altered from the passive to the active state [81]. The form and 
the conformation of the passive films hinge on the surface features of the metal surface. 
Three main mechanisms to account for the formation of passive films was proposed by 
Stellwag et al, [17]. These models were founded on direct film creation, a dissolution 
precipitation process and anodic oxidation. The direct film formation model includes the 
reaction of a metal surface with an aqueous solution to produce either a chemisorbed 
oxygen film or a compact three-dimensional film, typically an oxide or oxyhydroxide film 
[17,81,82]. It can be represented by Eq.39 and Eq.40: 
 
M + H2 O → MO ads + 2H+ + 2e - (Eq. 39) 
M + H2O → MO (oxide) + 2H + + 2e- (Eq. 40) 
 
The dissolution precipitation procedure forms a passive layer by the formation of an 
oxide, oxyhydroxide, or hydroxide film by the precipitation of dissolved metal ions as 
explained in the two-step process: 





M → Mn+→  ne- (Eq.41) 
Mn+ → nH2O → M(OH)n + nH+ (Eq.42) 
 
 
Finally, the anodic oxidation of the metal in solution produces an oxide film having the 
metal ion in advanced oxidation state as described in the equation: 
 
                     
M → M n+ + ne- (Eq.43) 
2M n+ + (n + z)H2O + M2 ( n+ z )  + 2(n + z)H+  + 2 ze - (Eq.44) 
          
The phenomenon of passivity has a fundamental place in corrosion processes and 
corrosion control. Certainly, it is the cessation of the passive film that produces 
numerous types of localised corrosion. This may lead to failure in some engineering 
applications. The existence of a passive layer on the metal surface causes an increase 
in the potential required to dissolve the metal cations from the electrodes in the 
electrocoagulation process. This causes corresponding increase in the energy demand 
of the system. Accordingly, materials displaying poor passivity and active dissolution 
are chosen [17]. Alloying elements perform an important part in shaping the properties 
of the passive film. Because of that, if the alloying elements can be employed to edge 
the creation of passive films, then the usage of iron or aluminium alloys may be helpful 
in electrocoagulation applications 
 
There are various types of corrosion metals and alloys are susceptible to. The process 
is quite complex, involving many factors which hinges on the metal and the operating 
conditions. Some of the known forms of corrosion, with a specific focus on pitting 
corrosion will be discussed. 
 
2.10.2. Uniform corrosion 
 
Evenly corrosion over the whole surface or on a large fraction of the entire area of a 
metal is called a uniform corrosion, or general corrosion, General thinning takes place 
until failure and is the most significant and common form of corrosion in relations to the 
amount of damage [17,81]. It is relatively easy to measure and predict uniform corrosion 
by making disastrous failures erratic. 
2.10.3. Galvanic corrosion 
 
When two different or dissimilar metals are joined together in the presence of an 
electrolyte and a conductive path, galvanic corrosion occurs. It is easy to identify 
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galvanic corrosion when the presence of a build-up of corrosion is at the joint between 
the dissimilar metals. The formation of a galvanic couple is when one of the metal 
couple, the less noble metal, acts as the anode and corrodes faster than it would by 
itself, while the other, the more noble metal, acts as the cathode and corrodes slower. 
 
2.10.4. Intergranular corrosion 
 
A form of localised attack which depends on the alloy composition is known as 
Intergranular corrosion. Certainly, the regions separating grains of different 
crystallographic orientation, or immediately adjacent to grain boundaries is where it 
occurs while the bulk of the grains remain mainly unaffected. This form of corrosion is 
typically linked with impurity segregation effects or specific phases precipitated on the 
grain boundaries. 
 
2.10.5. Crevice corrosion 
 
A localised form of corrosion linked with a still solution in small protected volumes is 
called a crevice corrosion. It happens in localised areas such as crevices, bolted or 
joints and threaded parts. Crevice corrosion is linked with differences in the 
concentration of salts, acids and moisture, which causes the growth of a blocked 
corrosion cell. The change in composition of the crevice electrolyte, triggered by 
deoxygenation of the crevice, and a separation of electroactive areas energies the 
corrosion reaction when the potential drops. Within the crevice, small anodes are 
created with the rest of the body stand-in as a large cathode such that the corrosion in 
the crevice is vastly enhanced. 
 
2.11. Conclusion 
Among the different techniques as revealed by the literature in this chapter, EC has 
been applied effectively in the elimination of the multiple pollutants from various types of 
wastewater. EC is recognized as a simple technique, green method which has a less 
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3.1 Introduction 
In this chapter all characterization techniques used for characterisation of the materials 
for electrocoagulation will be discussed in details. The discussion also involves all 
methods used for the determination of SO42- and batch adsorption. 
3.2 Experimental procedures 
3.2.1 Preparation of SO42- solution 
 
SO42- stock solution of 1000 mg. L-1 was prepared by dissolving 2.83 g of Na2SO4 in a 
1000 mL volumetric flask with deionised water. The synthetic wastewater was prepared 
according to the common composition of effluents from battery industry. Pollutants 
concentrations were recommended based on the BCMM laboratory results. Analytical 
grade chemicals were used to prepare the solutions with the desired concentrations of 
SO42-, F-, and Phosphate PO42-. Synthetic waters compositions used during EC tests 
and chemical suppliers are given in Table 3.1. The water pH without adjustment was 
neutral and, water conductivity varied from 2.5 to 6.7 mS/m. Millipore water was used to 
prepare these synthetic waters. 
 
Table 3.1 Composition of synthetic wastewater 
 
Compound Concentrations / mg. L-1  Chemicals 
Sulphate/ SO42- 2000, 3000, 4000, 5000, 
6000 
 Na2SO4 
Fluoride / F- 100, 200, 300 Sodium fluoride 
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3.2.2 Electrocoagulation laboratory scale setup device 
 
A 400 mL beaker filled with 300 mL model water was employed as the EC reactor for all 
attempts in this study. Two corrugated iron sheets were used with dimensions of 
100mm X 40 mm X 3mm (length X Width X depth) as electrodes of which after each 
experiment, the electrodes were softly rubbed with sand paper to remove scaling and 
refine the surface, followed by washing with ultrapure water. The effective surface area 
of anodic electrodes immersed in wastewater was 24 cm2. Applied voltage from 3 to 15 
V was applied using a DC power supply as summarised in Figure 3.1. During the EC 
process, the solution was continuously stirred using Teflon coated stir bar at a rotational 
speed of 200 rpm at ambient temperature.  
 
 
Figure 3. 1 Schematic diagram of electrochemical [1] 
3.2.3 Sampling 
 
Different industrial effluent from West-bank and from nearby battery manufacturing 
industry based in Buffalo City Metro, in East London, South Africa Figure.3.2 were 
collected, tested and analysed. The effluents were analysed for various parameters 
such as pH, Chemical Oxygen and following anions: Sulphate (SO42-), Phosphate 







                                                                                                                                                                                        
47 
 
The sulphate removal efficiency was calculated using equation 1:   
                                                                                   (Eq.1)                                                                          
where C0 and C are the initial and final sulphate concentrations, respectively. 
 
Since the reactor required voltage, the electrical energy consumption per volume of the 
treated wastewater is determined using equation 2. 
                                                                                                      (Eq.2) 
where, EEC is the electrical energy consumption (kWh/m3), U is the applied voltage 




Figure 3. 2 Map showing the sampling sites in Buffalo City Municipality, Eastern 
Cape in the Republic of South Africa 
 
3.3 Characterisation instruments 
 
The major techniques applied for characterisation of the corrugated iron and metal 
oxide adsorbent (waste from electrocoagulation process) were Field Emission Scanning 
Electron Microscopy (FE-SEM), X-ray Diffraction spectroscopy (XRD), Fourier - 
Transform Infrared spectroscopy (FT-IR) and Brunauer, Emmett and Teller surface area 
analysis and Zeta potential surface charge. 
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3.3.1 Scanning Electron Microscopy (SEM) 
 
Scanning Electron Microscopy (SEM) is a type of electron microscope with high 
resolution images (Figure 3.3). SEM shows topographical structure, composition and 
elemental information of the sample of interest. This technique produces the sample 
information by scanning the surface with focused beam of electrons (primary), which 
then creates a low energy secondary electron.  The intensity of these secondary 
electrons is mainly ruled by the surface topography of the material being analysed. An 
image of the material surface can, therefore, be constructed by measuring secondary 
electron intensity as a function of the position of the scanning primary electron beam [2]. 
This technique will be used to acquire images and morphological information of the 
synthesized materials [3,4,5]. 
 
Figure 3. 3 Schematic diagram of SEM-EDS [3] 
 
3.3.2 Fourier-transform Infra-Red Spectroscopy (FTIR) 
 
The FTIR spectroscopy is defined as the interaction between infrared radiation and 
molecules of the sample (Figure 3.4). When the sample is irradiated with an infrared 
beam of light, the molecules of the sample will absorb and undergoes vibration and 
rotation. This IR technique will be used to confirm of the functional groups of 
monolayers [6]. 
For sample preparation, approximately 200 mg of the potassium bromide (KBr) was 
dried in an oven for about 2hrs at 800C, then it was mixed with 1 mg of the sample. 
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Pestle and mortar were used to mix the samples together. The sample was compressed 
into pellets. FTIR was used to obtain the spectrum. 
 
Figure 3. 4 Schematic diagram of FTIR [6]  
3.3.3   Brunauer–Emmett–Teller (BET)  
 
Brunauer–Emmett–Teller (BET) outlines the physical adsorption of gas molecules on a 
solid surface and serves as the basis for an important analysis technique for the 
measurement of the specific surface area of a material (Figure 3.5) [7,8]. The BET 
theory focused on multi-layer adsorption, and usually adopts non-corrosive gases such 
as nitrogen, argon, carbon dioxide, etc. BET theory can be used to estimate the specific 
surface area of activated carbon from experimental data [9,10]. This technique will be 
used to determine the surface area of the materials as well as porosity characteristics of 
the synthesized materials [10]. 
For sample preparation,  approximately 100 mg of the sample was loaded into BET 
tube and degassed under nitrogen stream for 24 hrs . This was done to elimante any 
pollutes adsorbed. To obtain data for the porosity and surface zone of the materials, the 
sample was acquainted with nitrogen gas at low temperature (77K). 
 
 




Figure 3. 5 Brunauer-Emmett-Teller (BET) [8] 
3.3.4 X-ray diffraction method (XRD) 
 
This is a multi-elemental analysis technique which uses X-rays as a source of energy. 
In this technique a beam of X-rays is bombarded on the solid sample and number of 
diffracted beam of radiation are produced and collected by the detector to generate a 
unique X-ray spectrum (Fig 3.6). This technique will be used to determine atomic 
composition and other chemical information such as binding constants, speciation and 
oxidation states [3, 4, 5] 
Approximately, 1mg of the sample was crushed into fine powder utilizing pestle and 
mortar. The spatula was utilized to transfer the fine powder material into the sample 
holder. Thereafter, X-ray beam diffractometer was used for the analysis. 




Figure 3. 6 Schematic diagram of XRD [11] 
3.3.5 Zeta potential surface charge analysis 
 
Zeta potential is the charge that creates at the interface between a strong surface and 
its fluid medium. This potential, which is estimated in MilliVolts, may emerge by any of 
the many mechanisms. Among these are the separation of ionogenic bunches in the 
molecule surface and the differential adsorption of arrangement particles into the 
surface area. The net charge at the molecule surface influences the particle dispersion 
in the close-by district, expanding the grouping of counterions near the surface. In this 
way, an electrical double layer is formed in the region of the particle-liquid interface [11] 
In this work, zeta potential was performed by the variation of pH from 2 to 10. Each 
sample preparation was done by transferring approximately 0.1 g of the sample into 50 
ml of the conical flasks containing different pH solution. The conical flasks were all 
shaken at the same time, for approximately 12 hrs using water bath at 250C. 
3.4 DETECTION OF SULPHATESULPHATES 
3.4.1 Spectrophotometer 
 
In analytical chemistry, Spectrophotometry is often used for the measurement of 
transmittance of solutions, transparent or opaque solid, for example, polished glass or 
gases. In this technique, the light is used as a source of energy which passed through a 
monochromator. The main components of this technique are light source, 
monochromator, photoresistor, cuvette, and amplifier (Figure 3.7). The intensity of the 
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light absorbed is related to the concentration of the absorbing species, according to the 
Beer-Lambert law equation 3[12]. 
                                                          A = ε λbC                                                Eq. 3 
This technique will be used to determine the extent of sulphates in industrial effluents.  
 
 
Figure 3. 7 Schematic diagram of spectrophotometer [12]
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High sulphate concentrations in industrial effluents damage municipality infrastructure in 
South Africa. Old corrugated iron sheets were recycled and used as sacrificial electrode 
to remove SO42- concentration in industrial effluents. Electrodes were characterized 
using SEM and EDS. The optimised parameters were pH 2, 3000 ppm-, 15 V and 120 
min. Under optimum conditions, 99% of SO42- was removed in the presence of PO42-, F- 
and COD in industrial effluent. The sulphates were physically adsorbed on Zn and Fe 
hydroxides (precipitate) and the data fitted well in first order kinetics. The corrugated 
iron is reusable and consumed low energy (0.1725 kWh/m3). 
 























South African municipal wastewater treatment plants are destroyed by industrial 
effluents that contain high sulphate concentration. These effluents emerge from textile, 
battery, pulp and paper, acid mine water as well as food manufacturing industries [1].  
According to the municipal by-laws, permissible sulphate (SO42-) concentration range 
should be between 200 to 400 mg.L -1 [2].  High sulphate concentration in industrial 
effluents corrodes pipes, cracks cement walls, destroys the infrastructure and hinders 
service delivery to the communities. The aforementioned has a negative impact in the 
economy as a lot of finances are spent on repairs caused by excess sulphates in water. 
Consequently, sulphate monitoring is becoming stringent and various regulations have 
been set for its concentration in water [3, 4, 5, 6]. Hence, technologies that have been 
developed to mitigate SO42- ions in water include chemical precipitation, ion exchange 
resins and membrane processes to name a few [6,7,8]. Membrane processes are 
reported as energy intensive and prone to fouling, while chemical precipitation methods 
result in secondary pollution due to toxic sludge formation [9,10]. Alternatively, 
electrocoagulation technique has been projected as a promising technique to treat 
various wastewaters, such as landfill leachate, restaurant wastewater, saline 
wastewater, tar sand and shale wastewater, urban wastewater, laundry wastewater, 
nitrate and arsenic bearing wastewater and chemical-mechanical polishing wastewater 
[11, 12, 13]. The electrocoagulation of sulphate using aluminium anodes in bipolar and 
monopolar configurations was reported by Nariyan and co-authors [14]. A current 
density of 25 mA/cm2 was effective to decrease sulphate from 1300 mg.L -1 to mg.L -1 , 
which is the acceptable limits in most mining companies. In addition,  
Del Ángel et al. carried out electrocoagulation experiments by employing aluminium 
electrodes, and obtained 53% of sulphate removal from the abandoned mine drainage 
with an initial concentration of 3567 mg.L -1 [15]. Radić et al. reported more than 86% 
removal percentage of sulphate from acid mine drainage (initial concentration was 
10830 mg/L) with combined CaO/electrocoagulation treatment [16]. 
The results of Garcia-Sugura and co-authors indicated that in situ electrocoagulation is 
more efficient because it mitigates the pollutants in real environment compared to the 
lab based methods [17]. In general, the principle of electrocoagulation method depends 
strongly on sacrificial anode, cathode, metal solubility and pH of water [18, 19, 20]. The 
anode is oxidised to metal cation which is used as an in situ developed coagulant for 
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anions while water is reduced to hydrogen gas and hydroxyl anions at the cathode 
(Equation 1 and 2). Consequently, the metal cations and hydroxyl anions form metal 
hydroxide precipitate (Equation 3). The soluble contaminants can be removed from 
water by chemical or physical adsorption onto the metal hydroxides.   As the the oxygen 
evolution occurs, Fe2+ is oxidised to Fe3+ which also forms iron hydroxide flocs to 
remove pollutant ions (Equation 4). Alternatively, the pollutant act as a ligand (L) to form 
an insoluble complex with the metal hydroxide (Equation 5) [17]. 
𝐹𝑒 (𝑠) → 𝐹𝑒2+ (𝑎𝑞) +2𝑒−          (Eq.1) 
2𝐻2𝑂 (𝑙) + 2𝑒− → 𝐻2 (𝑔) + 2𝑂𝐻− (𝑎𝑞)      (Eq.2) 
𝐹𝑒2+ (𝑎𝑞) + 2𝑂𝐻− (𝑎𝑞) → 𝐹𝑒(𝑂𝐻)2 (𝑠)      (Eq.3) 
4𝐹𝑒2+ (𝑎𝑞) + 10𝐻2𝑂 (𝑙) + 𝑂2 (𝑔) → 4𝐹𝑒(𝑂𝐻)3 (𝑠) + 8𝐻+ (𝑎𝑞)   (Eq.4) 
L-H (𝑎𝑞) + (OH)OFe (s)  → L-OFe (𝑠) + 2𝐻2𝑂 (𝑙)     (Eq.5) 
The advantage of electrocoagulation is that the water treatment is performed without 
adding any chemical coagulants or flocculants which may otherwise lead to secondary 
pollution.                                                                                                                                                                                                      
Hence, this work explores the use of recycled, inexpensive corrugated iron electrode as 
a sacrificial electrode to determine its efficiency in the removal of sulphate ion to 
permissible limit.  
4.2 Materials and Methods 
4.2.1 Preparation of solutions 
The study employed Sodium sulphate (97% purity), Hydrochloric acid (37%), and 
Sodium hydroxide pellets (97% purity) were purchased from Merck. All the glassware 
was soaked in 5% HNO3 for 24 h followed by washing them three times with Millipore 
water and air drying. Synthetic sulphate solutions were prepared from Na2SO4 using 
deionised water. The effect of initial sulphate ion concentration was studied by varying 
its concentration from 2000, 3000, 4000, 5000 and 6000 mg.L -1, while other 
parameters such as, pH, contact time, and voltage were kept constant. 
The initial pH of the solutions was measured using a HACH HQ 440d multimeter 
(Germany) was adjusted to pH ranging from 2 to 10 using 0.5 M HCl and 0.5 M NaOH 
which were purchased from Sigma Aldrich (South Africa). Ultrapure water (18.2 MOhm 
cm at 22oC) was used to make all solutions used. 
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4.2.2 Experiment configuration  
 
An electrocoagulation unit was constructed using a TINTEK-PW 3033 power supply. 
The corrugated iron sheets (area of 21cm2) were collected from a local metal scrap 
yard. They were immersed in a beaker containing sulphate solution, and a stirrer plate 
was used to maintain homogeneity. The corrugated iron sheets were set up in 
monopolar alignment by connecting an anode and a cathode with 1 cm distance 
between electrodes for all experiments. For all experiments, an effective area of 21 cm2 
for each electrode was immersed into water in the beaker. The voltage (3-15 V) was 
applied from 20-120 min, during which the water was stirred with a magnetic stirrer at 
200 rpm.  
The pH of the working solution was adjusted by adding dilute hydrochloric acid or 
sodium hydroxide. After each experiment, the electrodes were softly rubbed with sand 
paper to remove scaling and refine the surface, followed by washing with ultrapure 
water. Subsequently, electrocoagulation proceeded for 120 minutes and the solution 
was left to cool down. The precipitate was filtered off and the filtrate was analysed for 
sulphate concentration.  
The electrodes were characterized by scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS) to evaluate changes in morphology and elemental 
composition of the corrugated iron (electrode where electrocatalysis takes place) before 
and after electrocoagulation. 
4.2.3 Sampling and analyte detection method 
 
Different industrial effluents from Buffalo City Metro, South Africa were collected and 
analysed. The effluents were analysed for various parameters such as pH, chemical 
oxygen demand, sulphate (SO42-), phosphate (PO42-), and fluoride (F-) to determine the 
electrocoagulation performances as shown in Table 4.3 in section 4.5. 
The extent of sulphate removal was determined according to the standard detection of 
water and wastewater [21]. The sulphate synthetic samples and industrial effluents 
were analysed using a spectrophotometer (HACH DR900, Germany). The limit of 
quantification (LOQ) and limit of detection (LOD) were quantified using Equation 6 and 
7, respectively Where, SB is the relative standard deviation of the blank, and m is the 
slope obtained from the calibration data.  
                                                          (Eq. 6) 




                   (Eq. 7) 
The removal percentage was calculated using the following equation 8:   
             
             
                                                                                    (Eq. 8)                                                                                                             
 where C0 and C are the initial and final sulphate concentrations (mg.L -1), respectively. 
An OPTMA Perkin-Elmer 5300 DV ICP-OES (USA) was used to monitor zinc 
dissolution during the electrocoagulation process. All analysis or tests were repeated in 
triplicate to ensure reproducibility of the data, and all the data in the figures and tables 
were averaged.  
4.3 Kinetics study 
 
In order to study whether the sulphate was chemically or physically adsorbed onto the 
iron hydroxide precipitate the pseudo first-order (Equation 9) and pseudo second-order 
for chemical adsorption (Equation 10) kinetics models were fitted into the experimental 
results at different voltage application (6 V, 9 V and 15 V), respectively [22]. 
                                                                               (Eq. 9)     
 
                                     (Eq. 10)                                                                                                                       
Where C0 (mg/L) is the initial sulphate concentration and Ct is the sulphate 
concentration at time t; k1(min-1) and k2 ((mg/L)-1 min-1) are the pseudo first-order and 
pseudo second- order constants, respectively 
 
4.3.1 Energy consumption of electrocoagulation process 
 
In electrocoagulation process, electrical energy consumption (EEC) is the major factor 
that affect operating cost (kWh/m3). In order to reduce economic and environmental 
impacts, less energy consumption is required. Equation 11 was applied to calculate the 
energy used during electrocoagulation [23]. 
                         
                                                                                                   (Eq. 11) 
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where, EEC is the electrical energy consumption (kWh/m3), U is the applied voltage (V), 
I is the current (A), t for the reaction time (min) and V is the volume (dm3)  of  the 
treated water.  
 
4.3.2 Reusability of the corrugated iron (electrode) 
 
A single electrode (at 15 V) was used five times (cycles), to treat real water samples 
containing 2663 mg.L -1 SO42-and other ions, at pH = 4.41. The electrodes were in 
contact with the SO42- solution for 120 min in each cycle, then washed and dried for the 
next cycle. 
4.4. Results and Discussion 
 
4.4.1 Characterization of corrugated iron electrode 
 
To gain the insight on the morphological and composition changes that occur on the 
surface of electrodes before and after electrocoagulation, scanning electron microscopy 
(SEM) coupled with energy dispersive spectroscopy (EDS) was used. The surface 
characteristics have an effect in the effectiveness and lifespan of the electrodes used. 
Figure 4.1a displays a rough micro-surface, with irregular voids and marks due to 
corrosion or rusting of corrugated iron when exposed to outdoor environment. After 
electrocoagulation as displayed in Figure 4.1b a smooth, straight-lined microstructure 
of the corrugated iron electrode was obtained, suggesting that the coating on top layers 
of the electrodes dissolved uniformly during electrolysis. 




Figure 4. 1 SEM image of an old corrugated iron sheet (A) before and (B) after 
electrocoagulation  
 
Table 4.1 indicates the elemental composition of the corrugated iron electrodes/sheets 
before and after electrocoagulation. This investigation confirmed that before the 
electrocoagulation process, the old corrugated iron sheet contained high zinc and 
oxygen content (due to rust). Normally, the zinc layer is present as corrosion protection 
for iron which is usually done by galvanization. When the scrap metals are used as 
sacrificial electrodes, the Zn coating is oxidized and also act as coagulant for sulphates, 
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4.5  Optimization studies and sulphate removal mechanism  
 
In acidic media with a low pH (2), higher percentages of sulphates (95.4 %) were 
removed (Figure 4.2a). The mechanisms of sulphate removal depend on the solubility 
of the sacrificial electrode elements into the sulphate solution [19, 24]. According to 
Faraday’s theory the mass of the solute in solution was 3.025 g which confirmed that 
there were several reactions that contributed towards the mechanisms of sulphate 
removal [18, 25]. The reactions for sulphate removal included the oxidation of zinc and 
iron at the anode according to Equation12 and 14 [24]. Thereafter, the cations (Zn2+ and 
Fe2+) are electrostatically attracted to sulphates in solution into forming chemical 
precipitate at pH 2 [25]. Thus, chemisorption of negatively sulphate on the positively 
charged surface of the coagulants is favoured. The Fe2+ and Zn2+ (coagulants) 
concentrations persisted longer thus higher concentrations of sulphates were removed. 
At the cathode, the water is reduced to hydroxide and hydrogen.  The hydroxide forms a 
zinc hydroxide and iron hydroxide which also precipitated (formed flocs) due to the 
hydrogen from the cathode at pH 3 as summarised chemical equations 13 and 15 [24]. 
Thereafter, the zinc (II) and iron(II) hydroxides participated in sulphate  adsorption at pH 
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In alkaline media, the evolution of oxygen enhanced the oxidation of some of Fe2+ to 
Fe3+ which formed iron(III) hydroxide as displayed in equation 16. As the pH increased 
from 6 to 10, the removal percentage decreased due to low concentration of soluble 
Fe2+  and cation hydroxides can be negatively charged hence 20% sulphate was 
removed[18, 25]  
 Zn(s) → Zn2+ (aq) +2e                                                                                           (Eq.12)  
Zn2+ (aq) + 2OH- +SO42-(aq) →Zn(OH)2 (s) + SO42- (aq)           (Eq.13) 
Fe(s) → Fe2+(aq) + 2e                                                                                          (Eq.14)  
Fe2+ (aq) + OH-(aq) + SO42-(aq) → Fe(OH)2    + SO42- (aq) (s)                                                        ( Eq.15) 
4𝐹𝑒2+(𝑎𝑞)+10𝐻2𝑂(𝑙)+𝑂2(𝑔)→4𝐹𝑒(𝑂𝐻)3(𝑠)+8𝐻+(𝑎𝑞)        (Eq.16) 
It is evedent from Figure 4.2b that increasing initial sulphate concentration, decreased 
the removal percentage from  95 % at 2000 mg.L-1 to 40 % at high sulphate 
concentration such as, 6000 mg.L-1. Figure 4.2c indicated results for varying voltage 
against sulphate removal percentage. This study suggested that there was a drastic 
increase in sulphate removal percentage (from 59.5 -  95.4 %) with increased voltage. 
This was attributed to the fact that at higher voltage, more iron concentrations were 
oxidized into the water. Thus,  iron hydroxide precipitate (flocs) were formed and they 
adsorbed more sulphate ions from solution. It was easy to filter  the flocs off from the 
solution.  
The effect of contact time on the removal percentage of sulphate by eletrocoagulation 
process is shown in Figure 4.2d, which indicated that more than 75% sulphate removal 
was obtained in  60 min treatment time, using the corrugated iron electrodes. As time 
elapsed, 95% of sulphate concentration was removed in 120 min.  
The following parameters, pH, initial concentration, voltage and contact time were 
optimised to 2, 3000 mg.L -1, 15 V, 120 min, respectively. These optimised parameters 
were applied in  industrial and synthetic sample analysis in section 4.5.1 




Figure 4. 2 Optimisation of parameters, effect of (a) pH, (b) initial SO42- 
concentration, (c) voltage applied and (d) contact time 
 
4.5.1 Sulphate removal from Industrial effluents and synthetic solutions 
 
The slope of the calibration curve was used to determine the sensitivity of the method, 
and was found here to be 0.0779 and correlation coefficient (R2) was found to be 
0.9905. The linearity was acceptable and applied to obtain accurate sulphate 
concentration from unknown sample. The limit of detection (LOD) and limit of 
quantification (LOQ) were 0.114(mg.L -1) and 0.36 (mg.L -1)  . Each analysis was 
repeated three times and the relative standard deviation was 1.62.  
An industrial sample containing high sulphate concentration (~2678 mg.L -1) above 
permissible limits, was used as a real sample (Table 4.2) under optimised experimental 
parameters. After electrocoagulation with corrugated iron electrodes, a decrease in 
sulphate content to 37 ppm was observed, equivalent to a 99% SO42- concentration 
removal. This value falls within the permissible limits, as specified by the Buffalo City 
Metro Municipality (BCMM) by laws. Other ions within the industrial effluent such as 
PO43- and F- were also removed during the electrocoagulation process (~94% removal). 
Also, chemical oxygen demand (COD), which is another problem during treatment of 
industrial wastewaters [26], is reduced within permissible limits after electrocoagulation. 
A similar trend was observed in synthetic samples, where 80% of the sulphate 
concentration was removed. In the synthetic sample, PO43- , F- and COD removal 
percentages were above 70%.  These attributes of the electrocoagulation present a 
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fundamental scope in its application to wastewater treatment which enables effluents to 
be discharged into the sewer framework without pH adjustment (as pH is always 
balanced to neutrality at the end of electrocoagulation). 
Table 4.2 Components of wastewater treatment before and after the 




cBuffalo City Metro Municipality By-Laws (No 2532). 
4.6 Energy consumption of electrocoagulation process 
 
At optimised conditions, the results (Figure 4.3) demonstrated that by increasing 
contact time from 20 to 120 min, electrical energy consumption linearly increased from 
0.02588 to 0.1725 kWh/m3 at 15 V which lies within the acceptable electrocoagulation 
range 0.002 to 58 kWh/m3 [24]. The optimised voltage was 15 V, due to high sulphate 
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Figure 4. 3 Effect of applied voltage on energy consumption at optimised 
conditions  
4.6.1 Reusability of the corrugated iron (electrode) 
 
The efficiency and reusability of the corrugated iron electrodes were evaluated by reuse 
of a single electrode for 5 cycles, in real industrial water sample containing 2663 ppm 
SO42- concentration and other ions. The optimised voltage (15 V) and time (120 min) 
were applied. Figure 4.4a displayed that corrugated iron electrodes can be used up to 3 
times to decrease the concentration of sulphate ions in the real water sample (initially 
2663 mg.L-1) to 37 ppm, equivalent to 99% SO42- removal. Increasing the number of 
cycles or reuse further than this, resulted in decreased removal percentage of 40% due 
to lower concentration of Zn2+ and Fe2+ in solution. Low Zn2+ and Fe2+ concentrations 
were confirmed by the decrease in the mass of an electrode from 3.21 g to 2.79 g 
(Figure 4.4b) as the number of cycles were increased. Therefore, the corrugated 
electrode may be applied for 3 cycles with an energy consumption of 0.1725 kWh/m3 to 
remove sulphate concentration. 
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Figure 4. 4 (a) Reusability of a corrugated iron electrode and (b) mass loss in 
corrugated iron electrode under optimised conditions. 
4.6.2 Kinetics Study 
 
Results in Figure 4.5a, b indicated that the data for the removal of sulphate 
concentration obeyed the first order kinetics with good correlation coefficients (R2) of 
0.9983, 0.9982 and 0.9984 at different voltages (6, 9 and 15V). The R2 in second order 
were 0.8921, 0.89620 and 0.8942, which were lower than the first order.  The 
information confirmed a physical adsorption of sulphates to the zinc and iron hydroxide 
precipitates. Furthermore, the rate constants increased with increasing voltage applied. 
The values of rate constants at optimum conditions are presented in Table 4.3.  




A                                                                                      B 
Figure 4. 5 (a) First order and (b) second order kinetic studies for sulphate 
removal at optimal parameters 
 
Table 4. 3 The parameters of first and second order during the sulphate 
concentration removal  
 
Voltage Applied  
(V) 
  First –order Kinetics   Second –order Kinetics 
    R2 k1 
 (min-1) 

































        
4.7 Conclusion 
 
The study presented the use of an inexpensive, recycled corrugated iron as a sacrificial 
electrode (anode) in removal of 99% sulphate concentration and other water 
parameters (PO43-, F- and COD) from industrial effluents. The high percentages of 
sulphate concentration were removed by adsorption of sulphate ions onto the zinc and 
iron hydroxides precipitate (flocs) in solution. The corrugated iron electrodes can be 
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reused up to three cycles without significant changes in removal percentage (above 
70%). The set-up displayed less energy consumption (0.1725 kWh/m3) for 
electrocoagulation of sulphate ions.  Therefore, the study proved the technical feasibility 
of electrocoagulation using inexpensive electrode materials as reliable technique for the 
remediation of SO42-, PO43-, F- and COD in industrial effluents. Future studies will be on 
the application of corrugated iron electrode at pilot scale for in situ electrocoagulation of 
sulphate ions in industrial effluents. 
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REUSE OF ELECTROCOAGULATION SLUDGE AS ADSORBENT FOR SULPHATE 




Sulphate is known to be detrimental to the environment hence this work is addressing 
the treatment of industrial effluents that contain high sulphate concentration. The sludge 
that is produced from the electrocoagulation (EC) process using corrugated iron is re-
applied as the adsorbent for removing sulphate ions in water. For this purpose, the EC 
sludge was characterized by FTIR, XRD, SEM, TEM, BET and Zeta potential. The BET 
surface area of the EC sludge was 231.247m2/g with the total volume pores of 0.632 
cm3 g-1. BET surface area could be responsible for the adsorption behaviour of the EC 
sludge. Effects of contact time, pH, initial concentration and adsorbent dose were 
studied. The percentage removal of sulphate ion was found to be 99.1 % for synthetic 
water and 98.7 % for real water sample. Langmuir and Freundlich isotherm models 
were fitted and it was found that the Langmuir equation was fitted better than the 
Freundlich isotherm which confirms which confirms the homogeneous distribution of 
active sites on the EC sludge. Pseudo second order kinetic model provides the best 
fitting to experimental results at different EC sludge and this displayed that the sulphate 
ion is removed by chemisorption. 













Nowadays, the most accepted waste management practice for industrial wastes is  
recycling and reusing of the materials to protect our environment [1]. This method  help 
to overcome environmental problems and provides  a room for economic benefits which 
include reduction in the amount of wastes sent to landfills and incinerators, natural 
resource conservation like timber, water and minerals as well as increasing economic 
security by tapping a domestic source of materials [2,3].  It is evidently proven that one 
of the most important stages of waste management is the recovery of value-added 
materials from the waste [4]. 
In South Africa, there is a critical lack of affordable housing, many poor and low-income 
households had to resort to living in growing informal settlements which South Africa’s 
National Housing Code define according to the following attributes: inappropriate 
locations, illegality and informality, poverty and vulnerability and social stress [5]. 
Therefore, South African government try to mitigate these social challenges by building 
proper housing for poor and low income households. However, a greater problem of 
waste management arises when the government demolishes the informal settlements 
that were built with cheap materials such as old corrugated iron sheet, cupboard, 
plastics and planks which are usually disposed into accredited landfill sites [4]. One of 
the most disposable material after demolition of informal structures is corrugated iron 
sheet which is almost non-biodegradable, and hence has become a serious source of 
environmental pollution.  
Hazards associated with scrap old corrugated iron can cause environmental problems 
such as soil pollution, ground water pollution, since most of the scrap old corrugated 
iron sheets are disposed into landfills [4]. Landfilling corrugated iron sheet is a non-
environmental and an uneconomical disposal strategy. Therefore, feasible solution 
would be to recycle them to form sludge that could be used as raw materials in various 
applications for waste water purification.   
Numerous conventional methods for the removal of sulphate ions such as ion exchange 
biological treatment, chemical precipitation, and adsorption technologies have been 
used with diverse competences but some of these methods have their own drawbacks 
[6]. In the case of precipitation,  huge sludge is generated during treatment, while ion 
exchange and biological treatment are very expensive to use. On the other hand, 
adsorption is the favoured method due to its speedy and high sensitivity to remove 
anions. BaCl2, CaCl2, and ZrO(OH)2 are most used adsorbents, however, BaCl2 and 
ZrO(OH)2 are expensive while BaCl2 will contaminate the environment [7]. Furthermore, 
waste water purification by CaCl2 has not yielded a desired product. Thus, it is essential 
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to develop a low-cost effective sulphate adsorbent that is capable to remove sulphate 
ions from waste water [8].  
Electrocoagulation (EC) has been proven to be an efficient method for removing 
sulphates using a sacrificial electrode from iron, zinc or aluminium to generate 
precipitants/adsorbents/coagulants [8]. In electrocoagulation (EC), the removal 
mechanisms depend on water composition, pH as well as Redox – potential as 
indicated in the alumiunium and iron solubity diagram in Fig. 5.1 [9].During the oxidation 
of the sacrificial anode, aluminium forms polymeric species, such as 
[Al6(OH)15]3+,[Al7(OH)17]4+,[Al8(OH)20]4+,[Al13O4(OH)24]7+,and[Al13(OH)34]5+,that eventually 
transform into Al(OH)3(s) [10]. Al (OH)3(s) has a large surface area for effective 
adsorption, and its flocs are separated from solution by sedimentation or flotation. Ferric 
ions generated by electrochemical oxidation of iron electrode may form monomeric 
species, Fe(OH)3 and polymeric hydroxy complexes namely, Fe(H2O)63+, 
Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2+, Fe2(H2O)8(OH)24+ and Fe2(H2O)6(OH)44+[11]. In 
addition, these species are gelatinous in nature and are precursors to the formation of 
the stable insoluble Al(OH)3 flocs which then remove contaminates by means of co-
precipitation [12,13] as illustrated by the dependence of aluminum and iron polynuclear 
hydroxo complexes formation on pH below 
Al3+→ Al(OH)n3-n → Al(OH)24+ → Al13 complex →Al(OH)3  and 
Fe3+→ FeOH2+ →Fe(OH)2+ →Fe(OH)45+ →Fe(OH)3→Fe(OH)4-. Both Al and Fe occurs 
in acidic and basic range as illustrated in solubility diagrams (Figure 5.1). 
 
Figure 5. 1 Theoretical aluminium and iron solubility diagram in equilibrium with 
amorphous Al(OH)3 [14] 
 
 




Some of the attributes of the SO42- adsorption performance are mostly understood in 
terms of the equilibrium isotherms, thermodynamic parameters and adsorption kinetics. 
Hence, in this work the adsorption capacity of electrocoagulation sludge for the SO42- 
removal from wastewater was studied. The Langmuir and Freundlich isotherms were 
used to compare the experimental data for adsorbed SO42- by the electrocoagulation 
sludge. Also, two kinetic models, namely the pseudo-first-order, and the pseudo-
second-order were considered for the same system. The models describe the 
distribution of the adsorbate species between liquid and adsorbent through linearly 
plotted graphs based on a set of assumptions y related to the heterogeneity or 
homogeneity of adsorbents, the type of coverage, and the possibility of interaction 
between the adsorbates is called adsorption isotherms (Langmuir and Freundlich 
models)  [15,16] 
Therefore, the objective of this work is to recycle corrugated iron to form sludge that 
could be used as raw materials in various applications for waste water purification. To 
develop a low-cost effective sulphate adsorbent that is capable to remove sulphate ions 
from waste water and adsorption capacity of electrocoagulation sludge. 
5.2 Materials and methods 
5. 2.1 Materials  
The wastewater from battery industry was collected from East London, in South Africa. 
The composition of battery wastewater are presented in Table 5.1 Na2SO4 was 
purchased from Merck Company. Hydrochloric acid, HCl (37 %) and Sodium Hydroxide, 
NaOH (96 %) were purchased from Sigma-Aldrich and entirely solutions were prepared 
using ultrapure water. 
5.1.2 Continuous electrocoagulation 
The sludge that was used as an adsorbent was obtained from the electrocoagulation 
experiments conducted  with corrugated iron electrodes under optimized conditions (pH 
=2, contact time = 120 min, applied voltage = 15 V and initial concentration = 100 mg L-
1 as displayed in Schematic 1. Then the sludge (adsorbent) was filtered and dried at 
105 °C for approximately 8 h. The adsorbent was crushed in mortar and pestle and 
stored in desiccator. The prepared adsorbent was used in all the experimental data 
reported in this study. Spectrophotometer (HACH –DR 3900) was used to detect the 
extent of the sulphate from the wastewater as per the standard method. 




Figure 5. 2 Preparation of the electrocoagulation sludge (adsorbent) 
5.2. Material Characterisation  
Fourier Transform Infrared spectrometer (Thermo FTIR, modelNicolet 6700) was used 
to obtain an infrared spectrum of produced sludge in the wavenumber range of 500-
4000 cm. 
To confirm the structure, composition, and phase identification of EC sludge, X-ray 
diffraction (XRD).X-ray diffractometer (XRD, BRUKER D8 advance, with Cu Kα, λ = 
1.54 Å, scanning rate is 1° min−1)  
Zeta potential (Zetasizer Nano ZSMalvern, United Kingdom) was used to determine the 
surface charge of the electrocoagulation sludge and determine the point of zero charge. 
Brunauer – Emmett – Teller (BET, Micromeritics TriStar II Plus, Germany), was used to 
investigate the surface area and pore size measurements of the adsorbent. 
5.3 Batch adsorption experiments 
 
Batch adsorption experiments were carried out for an adsorption period of 120 min in a 
600 mL Erlenmeyer flask, filled with 500 ml of water containing preferred SO42- 
concentrations at initial pH of 2.0–10 intervals. Flasks in which different amounts of the 
adsorbent were added were allowed to shake for 120 min in a shaker. Effect of pH on 
the SO42- removal was studied using 40 mg of adsorbent dose for the SO42- 
concentrations of 100 mg.L-1. The effect of adsorbent dosage on percent removal was 
studied with adsorbent dosage varying from 20 to 200 mg/500 ml. The effect of SO42- 
concentration on percent removal was studied with SO42- concentration from 100 to 250 
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mg/50 ml at an initial pH of 2.0–10 intervals. Effect of contact on percent removal was 
studied from 20 min to 120 min while keeping other parameters constant. Adsorption 
isotherm studies were carried out with different initial concentrations of SO42- from 100 
to 250 mg.L-1, while maintaining the adsorbent dosage at 40 g/500 ml. Control 
experiments were carried out in triplicate to correct any adsorption of SO42-. The 
experiments were accomplished at pH (2.0, 4.0, 6.0, 8.0 and 10), SO42- concentration 
(100, 150, 200, 250 and 300 mg.L-1), adsorbent dosage (20, 40, .50, 100 150, and 250 
mg). The amounts of SO42- adsorbed were calculated from the concentrations in 
solutions before and after adsorption.  
The removal (%) of contaminant was calculated from equation 3 
                                                                              (Eq.1) 
Where C0 and C are the initial and final contaminants concentration in solution. 
For energy consumption during electrocoagulation, the following equation was used. 
                                                                                                         (Eq.2) 
Where V is the voltage applied for the electrocoagulation process, I is the current, t is 
the time for the process and v is the volume of the treated water. 
In each experiment, the current was kept constant by controlling the voltage in order 
monitor the energy consumption. 
5.4 Adsorption isotherms and kinetic studies 
 
Hence, in this study both models were used to describe the relationship between the 
amount of SO42- adsorbed and its equilibrium concentration. The appropriateness of the 
isotherm conditions was analysed by researching the correlation coefficients, R2. 
Langmuir isotherm is substantial for monolayer adsorption on a surface containing a 
limited number of indistinguishable sites. The model accept uniform energies of 
adsorption on a superficial level and no immigration of adsorbate in the plane of the 
surface [17]. 
The Langmuir equation is commonly expressed as: 
(Ce/qe) = (1/qm/K1) + (1/qm) Ce                                                                         (E.q .3) 
Where qm is the maximum amount of adsorption (mg g -1), Kl is the affinity constant 
(L.mg-1) and Ce is the solution concentration at equilibrium (mg L−1). The maximum 
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adsorption   and Langmuir constant were calculated from the slope and intercept of the 
linear plots Ce/qe versus Ce which gives a straight line of slope 1/qm which corresponds 
to complete monolayer coverage (mg g−1) and the intercept is 1/qmKl. The fundamental 
element of the Langmuir isotherm can be communicated by methods for dimensionless 
steady partition factor or balance boundary, Rl, which is calculated using the following 
equation: 
Rl = 1/ (1+ KlC0)                                                                                                (E.q. 4) 
The kinetic study was performed based on the removal of SO42- in wastewater. The 
pseudo first order and pseudo second order models were proposed, and the equations 
are given below:  
Here, the first-order model is represented by this Eq.5 
Where k1 = rate constant of pseudo-first-order model (L min−1) 
ln (qe – qt) = lnqe – k1t                                                                                            (Eq.5) 
where k1 is the rate constant pseudo first order, qe(mg/g) is the amount of SO42- 
adsorbed, and qt (mg/g) is the adsorbed SO42- amount on the EC sludge at a specific 
given time(t). 
The linear equation for pseudo second order model is shown below 
(t/qt)=(1/k2/q2e)+(1/qe)t                                                                                               (Eq.6) 
Where k2 (g/mg/min) is the pseudo-second-order rate constant of adsorption, (qe) is the 
amount of sulphate adsorbed at equilibrium (mg g−1). Values of k2 and qe were 













5.5. RESULTS AND DISCUSION 
5.5.1. Characterization of electrocoagulation sludge 
FTIR  
Fig.2. showed the FT-IR spectra of the electrocoagulation sludge. The peaks appearing 
at 470 cm−1 are ascribed to the presence of metal oxides such as iron and aluminium 
oxides. Hydroxyl groups (O-H stretching vibrations) conforming to iron/aluminium 
oxyhydroxides have been observed at 3500–3200 cm-1. The FTIR spectra EC sludge 
also showed lepidocrocite at 732 and1066 cm-1 confirming the presence of iron oxide. 
The peaks at 3300 to 3600 cm−1 are likely attributed to the presence of O-H, N-H, 
stretching. The peaks appearing at 1020 and 1513 cm−1 were ascribed to the presence 
of Al-O bond stretching and O-H bending, respectively.  
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XRD patterns of electrocoagulation sludge 
The XRD analysis of the EC sludge produced through the oxidation and coagulation is 
shown in Figure 5.4 , which indicated that the sludge could reused to treat polluntants 
such as SO42-, PO42-, F- and heavy metals in both synthetic and real wastewaters.   
isThe peaks at 2θ =48 and 68 are assigned  to the presence of iron complexes and 
aluminum hyadroxide complexes  that  contributed to the uptake of the SO42-. 
 
Figure 5. 4 The XRD pattern of the EC sludge 
 
BET surface area analysis  
The surface area of the electrocoagulation sludge was measured to be 231.247m2/g as 
and total pore volume of 0.63 is presented in table 1.The porous material with diameter 
ranging from 19 nm to 43 nm observed from the nitrogen adsorption/ desorption 
isotherm at 77k was compared with similar results of the sludge found in literature 
including surface area analysis as shown in table 1. In accordance to the classification 
adopted by the international Union of Pure and Applied Chemistry, (IUPAC), the 
adsorbent pores were grouped into three phases, namely, (diameter <2 nm), mespore 
(2-50 nm), and macropore (>50 nm). Therefore, results of the pore diameter obtained 
follows the mespore and maspore. Likewise, surface area is the most imperative 
influence that plays a major role in removing the desired pollutants.  
 
 
                                                                                                                                                                                        
81 
 
Table 5. 1 Comparison of surface area and spore size analysis with literature 
Bunauer Emmett Teller (BET) 
 
Material           Pore volume         Surface ares            Pore diameter     References 
                         (cm3/g)                     (m2/g)                         
Sludge                    -                     22.60±0.20                      10.70                 [19]                                             
Sludge                 0.41                  31.50± 0.03                     23-52                 [20] 
EC sludge           0.63                   231.247±1.39                 19- 42               Present study 
 
Textural characterization by SEM 
The SEM image of the EC sludge precipitates is presented in Figure 5.3. The flake 
shaped aggregates with the diameter of 2µm were observed throughout the image. The 
uniform flake shaped and spongy porous of the EC sludge could consist of the metal 
oxides such as iron oxide and aluminium oxide [18]. It can be observed that particles 
are homogenously dispersed and were almost spherical. Also, some little white 
crystalline particle found in the SEM image is in agreement with the SEM results 
reported by Gutierrez-Segura,et al 2009 [19].  
 
Figure 5. 5 FE-SEM image of EC  
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Zeta potential of EC sludge  
Zeta potential was used to investigate the surface charge of the adsorbent at different 
pH values. As shown in (Figure 5.6), it is observed that from pH 2 up to pH 8 the 
adsorbent is positively charged, this could be caused by the presence of amine groups 
in the sludge., The point of the zero charge is observed at 9.6 that could suggest that 
the protonation of amine groups occurred below pH 9.6. The high removal efficiency of 
SO42- is anticipated at acidic medium because of the high surface charge of adsorbent 
(51.9 mV) and the high electrostatic interaction between positively charged (adsorbent) 
and negatively charged (SO42-).On the other hand, the very low efficiency is expected 
as pH of the solution increases. This can be described in terms of the predictable very 
negatively charged surface of the iron hydroxide, which in turn is related with the 
adsorption of iron hydroxoanions, which inhibits the adsorption of sulphate. 
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5.6 Sulphate removal by electrocoagulation sludge 
 
For successful removal of sulphate ion from wastewater using electrocoagulation 
sludge as adsorbent, its mechanisms were studied through the optimization of 
parameters such as effect of initial pH solution,  initial concentration, contact time, 
adsorbent dose, adsorption isotherms  to maximum its uptake its removal.   
In case of SO42- removal, pH values were varied from 2.0 to 12 as showed in Figure 5.7 
(a) and the highest sulphate removal percentage of 98.3 % was optimum at pH 2.0. 
Similarly, from pH 4 to 6, greater significant sulphate removal percentage was 
observed.  At low pH, the adsorbent surface charge is relatively linked with the 
hydronium ions (H3O+) where the surface of the adsorbent becomes positively charged 
causing the electrostatic attraction between SO42- ions to increase resulting in the 
production of more positively adsorption sites that necessitated a high sulphate removal 
percentage.  Also, because of the high charge neutralization at low pH, more sulphate 
is chemisorbed as seen from Figure 5.7 (a). Above pH 8, bulkier species like Al(OH)4-  
is produced as the pH of the solution increases, hence a drastic decrease of sulphate 
removal is observed as the pH of the solution increases. Furthermore, surface charge of 
the adsorbent appears to be negative due to the deprotonation of the adsorbent surface 
charge and the presence of OH-, which cause the electrostatic repulsion between the 
adsorbent and sulphate ions. Also, Figure 5.7(a) illustrates that more than one 
mechanisms occurred since the removal of sulphate is pH dependant. Therefore the 
optimum pH of 2.0 was used in all of the optimisation studies.  
Figure 5.7.b showed that sulphate adsorption increases at low initial concentration and 
decreases as the concentration of the solution increases. The reason is that, could  at 
low initial concentration, the surface charge of the adsorbents is more saturated by the 
sulphate ions. Besides, it is evident that the removal of the sulphate ions  dependents 
on the pH of the solution. 




Figure 5. 7 Influence of (a) pH and (b) initial concentration at 120 min contact time 
(120 min) while using 40 mg dosage.  
 
Furthermore, Figure 5.8. (a) showed the effect of contact time on sulphate removal 
percentage. It is evident that the percentage removal of sulphate increased with the 
increase in contact time and reached equilibrium values after the maximum percentage 
removal of sulphate due to the non-availability of the adsorption sites. Also, it is 
attributed due to high anode dissolution as the contact time increased. According to 
Faraday’s law, electrode dissolution in solution can be computed by the following 
equation [20]: 
                                         Cele thero = MIt/ZFV                                                (Eq.7) 
Where, Cele thero (kg/m3) is the theoretical amount of ions produced by current I (A) for a 
period of time t, Z is the number of electron transferred, M is the molecular mass, F is 
the Faradays constant (96.485 C/mol), and V is the volume (m3). Subsequently with 
enough contact time, large amount of coagulants is produced which trigger higher 
percentage removal of sulphate to be reached after 120 min. 
Figure 5.8. (b) displayeded that, the increase in adsorbent dosage steered the increase 
in higher sulphate percentage removal. The increase in sulphate removal by increasing 
the absorbent dosage could be due to increased positively surface charge and sorption 
sites. Since the surface charge range is constant, the positively surface charge is 
directly proportional to the mass of the adsorbent. Hence, the results illustrated in 
Figure 5. 8(b) , also indicated that equilibrium adsorption of the sulphate removal was 
reached with the adsorbent dosage of 150 mg. 




Figure 5. 8 Influence of the (a) dosage and (b) contact time at pH (2.0) while using 
the initial concentration of 100 mg L-1. 
 
5.6.1. Adsorption isotherms 
In order to obtain the Adsorption isotherms, Eqs. (3) and (4) were employed by using 
their experimental adsorption results. The summary of the values qm, Kl, Kf, Rl and n are 
shown in Figure 5.9. The R2 value shows how the equilibrium data of the system is well 
simplified by the Langmuir model when compared to the Freundlich model. The 
homogeneous distribution of active sites on the adsorbent surface may be the reason 
why the Langmuir isotherm fits the experimental data very well [21,22]. 
 




Figure 5. 9 (a) Freundlich isotherm and (b) Langmuir isotherm for SO42- removal  
 
5.6.2. Kinetic studies 
 
In Figure 5.10, the plot of ln (qe−qt) against time (t) gives a straight line graph that 
justifies the usage of the pseudo-first-order rate expression. The R2 value for sulphate 
adsorption is 0.370 which confirmed that the first order equation does not fit properly 
throughout the entire series of contact time and is commonly appropriate over the early 
stage of adsorption processes.  Hence, the experimental data disagree with the 
pseudo-first-order kinetic.  
The pseudo-second order model represented by Figure 5.10b, had a R2 that was 0.999 
which justified that the data is well fitted in this model. Therefore, chemisorption affect 
the surface adsorption rate, where sulphate removal from a solution is caused by 
physicochemical interactions between [16].  




Figure 5. 10 (a) Pseudo-first order model and (b) pseudo-second order model. 
 
5.7 Removal of SO42- and other pollutants from real industrial wastewater 
 
It is evident that most of the real industrial wastewater contains more than one pollutant. 
In this study, a real wastewater sample was collected in one of the local battery industry 
for analysis. Besides SO42- being present, the following pollutants, arsenic, chromium 
and lead were also  present in the real industrial wastewater at different concentration 
such as  98 mg.L-1 , 69 mg.L-1 and  78 mg.L-1, respectively. In the presence of As(III), 
Cr(VI) and Pb(II), more than 98.7% of sulphate was removed by the adsorbent. 
Similarly, 95.6% of arsenic, 92.3 % chromium and 91.6% lead were also simultaneously 
removed during the treatment of the sulphate ions. This could be caused by the large 
surface area of the adsorbents (231.4744m2/g) which was confirmed by the BET 
analysis  and  Zeta  potential on  the positive surface charge of the EC sludge [pH 2 
(51.9 mV), pH 4( 32.4mV) pH 6 (31.7mV) and pH 8 (20.8 mV)].  
5.8 Reusability/ recycling of the adsorbent 
In any wastewater treatment, the most effective ways of reducing the cost during 
treatment is the reusability/recycling of the adsorbent. In this work, the adsorbent were 
used from cycle 1 up to cycle 4 and after each cycle, the adsorbent was washed with  
deionised water and dried using at 80oC for 4hrs. The results  in Figure 5.11 showed 
that the adsorbent is renewable and can be applied up to 3 cycle because of the large 
surface area that delivers entrapment of pollutants in wastewater. In cycle 4, the 
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adsorbent is no longer effective, this is caused by the non-availability of the adsorption 
sites as the number of the cycle increased while the ph also increased in solution . 
 
 




The study presented the use of sludge (metal hyroxides) that resulted from the 
electrocoagulation process as an adsorbent. XRD  peaks at 2θ =48 and 68 confirmed  
the presence of iron complexes and aluminum hyadroxide complexes  that  contributed 
to the uptake of the SO42-. The BET confirmed the large surface area and zeta potential 
indicated a positive surface charge that enabled sulphate ions adsoption on the iron 
hydroxide complexes. The adsorbent successfully removed 99.1% and 98.7% sulphate 
ion in both synthetic and real wastwater. Pseudo second order kinetic model is found 
best fit for  sulphate adsorption,  with the high correlation coefficient of R2 = 0.999 which 
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In this study, the corrugated iron electrode was successfully applied as a sacrificial 
electrode. The suitability of electrocoagulation for the removal of sulphate ion in 
synthetic and real water were evaluated through the optimised conditions such as initial 
pH, contact time, applied voltage and initial concentration. Since electrocoagulation is 
pH dependent, high percentage removal was observed at pH 2 for both synthetic and 
real water, thus the mechanisms involved in sulphate removal are reduction of charge 
neutralization with aluminum /iron soluble metal hydroxide, adsorption onto a 
superficially charged metal precipitate and enmeshment into a sweep metal floc. The 
corrugated iron electrode removed above 90% of sulphates in synthetic and real waste 
water samples. 
The kinetic study of sulphate removal was done to describe the adsorption system 
during EC process in this study. The results show that the removal of sulphate by EC 
process follows the pseudo second-order model with current-dependent parameters. 
Moreover, the removal of sulphate ions fitted well with the first order model at both low 
initial concentration, and high initial concentrations. 
When the adsorbent from the electrocoagulation sludge was applied in removing 
sulphate. It proved to be a material that has high surface area, positively charged 
surface hence above 90% of sulphates were removed from the waste water samples. 
6.2 RECOMMENDATIONS 
 
Based on the encouraging results of this study, such as low energy consumption for 
water treatment. It is recommended that further work be carried out in corrugated iron 
electrocoagulation in order to continue to evaluate the feasibility of the technology at a 
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